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ABSTRACT
Lithium batteries are important energy storage systems and can make energy storage
and usage more efficient than with previous solutions. Moreover, among the lithium
batteries, lithium-sulphur batteries are the next generation lithium battery that has the
highest theoretical specific capacity (3860 mAh g-1) and the lowest gravimetric
energy density. The applications of lithium-ion or lithium-sulphur batteries in electric
vehicles, (plug-in) hybrid electric vehicles, or energy storage systems in smart grids
require the battery to exhibit high rate capability, high power, and long cycle life.
The key aspect for improving the performance of lithium-ion and lithium-sulphur
batteries is to improve the performance of the active materials.
The use of nanostructured materials and conductive composite materials is designed
to enhance both ion transport and electron transport by shortening the diffusion
lengths of ions (such as, Li+, Na+, K+, H+, and OH-) and increasing the conductivity
within the electrode materials, respectively. In this doctoral work, several
nanostructured materials and conductive (carbon or conducting polymer) composites
were examined and characterized for possible application as electrode materials for
lithium-ion batteries or lithium-sulphur batteries. For the Li-ion battery,
nanocrystalline Fe3O4/C as anode material, nanostructured CuFeO2 as anode material,
transition metal oxide/carbon composite anode, and ionic liquid electrolyte were
investigated. Furthermore, MoS2 − carbon nanotube (CNT) composite thin film made
from layered MoS2 was investigated for a lithium-ion thin film battery. Meanwhile,
conducting polymer coated sulphur-CNT composites and sulphur-graphene
composite for lithium-sulphur batteries were studied.
Anode materials for lithium-ion battery:
i

Synthesis of nanocrystalline Fe3O4 by the sol-gel method with in situ carbon coating
was conducted. Carbon coating on Fe3O4 nanoparticles can be formed in situ by solgel methods using suitable precursor materials and/or solvents. The physical and
electrochemical characterizations were carried out on the synthesized Fe3O4/C
composite and bare Fe3O4.
CuFeO2 has been synthesised in nanostructured form using a simple sol-gel method.
This technique does not require any high cost precursors and produces powders with
particle sizes of less than 1 μm. The cycle life and the high rate capability of
nanostructured CuFeO2 have been studied in detail for the first time.
To study the compatibility of transition metal oxide/carbon composite anode and
ionic liquid electrolyte for the lithium-ion battery, two types of room temperature
ionic liquids (RTILs) were used as electrolyte for three types of transition metal
oxide/carbon composites. The RTILs used were 1-ethyl-3-methyl-imidazolium
bis(fluorosulfonlyl)imide

(EMI-FSI)

and

1-methyl-1

propylpyrrolidiniumbis

(fluorosulfonyl) imide (Py13-FSI).
Rechargeable thin-film lithium batteries have attracted great attention recently due to
their applications in areas of microelectronics such as smart cards, medical devices,
and integrated circuits. Further progress will require the development of new
electrode materials, for which a family of layered compound materials are potential
candidates. A facile composite thin film preparation technique has been developed.
Single-wall carbon nanotubes (SWCNTs) have been used as the carbon additive in
order to generate thin films with 3D porous scaffolds, preventing the restacking of
the MoS2 sheets in the composite.

ii

Conducting composites for lithium-sulphur batteries:
Recently, great attention has been directed toward using the element sulphur for
development of green, low-cost, and high-energy-density rechargeable batteries. In
addition to the high capacity, utilization of sulphur as a cathode material has the
advantages of natural abundance, low cost, and environmental friendliness. In this
study, a conducting polypyrrole (PPy) coated sulphur-multiwalled carbon nanotube
composite was prepared and investigated as a cathode material for Li/S batteries. The
advantages of using the polypyrrole coating comparing with polyaniline (Pan) or
poly(3,4-ethylenedioxythiophene) (PEDOT) is that the polypyrrole acts not only as a
coating to improve the conductivity of the electrode and reduce polysulfide
dissolution, but is also an active material, and it can contribute extra capacity to the
sulphur cathode in the lithium battery. Moreover, the PPy nanoparticles coated onto
the surface of the S-carbon composite can absorb polysulphide due to their porous
surface morphology.
In recent years, graphene has attracted appreciable attention for use as an energy
storage material, because of its superior electrical conductivity, high surface area of
over 2600 m2g-1 per face, chemical tolerance, and broad electrochemical window. It
has been reported that graphene can be used as a carbon matrix to improve the
conductivity of electrode materials for lithium-ion batteries. Sulphur-coated graphene
composite has been synthesized, and graphene nanosheet has been investigated for
the first time as a carbon matrix to improve the performance of sulphur cathodes for
rechargeable lithium sulphur batteries. Because of its good electrical conductivity,
graphene in the composite acts as an electronic conductor.

iii
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CHAPTER 1 INTRODUCTION
Limited supplies of fossil fuels and greenhouse gas emissions are the key issues
relevant to two of the biggest problems facing humanity, energy and the
environment. Increasing energy demand worldwide and mandates to minimize
greenhouse gas emissions require the production of energy in a sustainable manner
and efficient usage. Therefore, enormous efforts have been made worldwide towards
the development of renewable energy sources. Among the alternative power sources,
lithium ion and lithium sulphur batteries are playing a key role in portable
electronics, as well as being used for power tools and electric vehicles (EV) or hybrid
electric vehicles (HEV), which would minimize the greenhouse gas emissions from
exhausts in transportation. Lithium ion batteries are also a good choice for storing
energy from other renewable sources in a green smart grid, especially in the case of
intermittent sources of clean energy, such as wind, solar, and tidal energy.
Lithium ion and lithium batteries show several advantages compared with other
batteries, such as high energy density, high power density, long cycle life, low selfdischarge rate, lack of a memory effect, etc. Amongst the various energy storage
systems, these batteries have shown the greatest success in the portable electronics
market for the past two decades. As the power source for transportation applications,
lithium ion batteries are the only alternative that has well-developed technology
among the new energy storage systems, in contrast to fuel cells at the moment. The
performance of lithium ion batteries, however, is still not good enough to bring
electric vehicles into genuinely widespread use.
In order to improve the performance of these batteries, the key point is to improve
the performance of the electrodes, as the electrodes are the places where the
electrochemical reactions occur. The electrons flow through the external circuit
20

outside the batteries, while the ions (such as, Li+, Na+, and H+) flow inside the
batteries to allow the electrochemical reactions to take place. Therefore, both
electronic conductivity and ionic conductivity play important roles in the
electrochemical performance. The purpose of this doctoral work is to discuss
possible ways to improve this performance via the use of nanostructured anode
material and conductive composites to provide possible opportunities for future
research directions.
In addition to their use in consumer electronics, Li-ion batteries are growing in
popularity and represent serious challenges in the years to come in terms of
displacing current alternatives and taking over the defence, automotive, and
aerospace markets. Such demand is generating more challenges for research and
development, to search for new cell configurations and new electrochemistry for the
next generation of Li-ion batteries. The recent research effort that has been put into
electrode materials for lithium ion batteries could be described in terms of the
following directions: (1) explore new electrode materials; (2) investigate
electrochemical behaviour and the reaction mechanisms behind intrinsic properties,
either by experiments or by theoretical calculations, to obtain in-depth understanding
and provide a guide to research directions; and (3) improve the electrochemical
performance of the existing materials by employment of different synthesis
techniques, especially in combination with nano-engineering technology, doping
with different elements, making composites, etc. The overall objective of this
doctoral work is to synthesize nanostructured anode materials and to investigate the
compatibility of the anodes and novel electrolytes for the lithium-ion battery.
Nowadays, thinner, lighter, more space-effective, and more flexible batteries with
larger autonomy are in constant demand from consumers. My study has been
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extended to explore research on the thin film lithium ion battery and the lithium
sulphur battery.
This thesis is organized following:
Chapter 2 presents an extensive review on lithium ion and lithium batteries,
including general background, a brief history, the working mechanism, fundamental
considerations, opportunities, and challenges, as well as a review of recent literature
on anode materials.
Chapter 3 presents the overall experimental procedures, all the chemicals used in this
study, details of the electrode material synthesis techniques, and physical and
electrochemical characterization methods.
Chapter 4 presents research on enhancement of the cycling performance of lithiumion batteries by using nanocrystalline Fe3O4/C as anode material. Carbon coating on
Fe3O4 nanoparticles has been formed in situ by sol-gel methods, using suitable
precursor materials and/or solvents. Meanwhile, polyvinyl acetate (PVA), coated by
the sol-gel method on Fe3O4 nanoparticles as a carbon source to maintain the
electronic conduction, also plays an important role in controlling the particle size
distribution

and

preventing

aggregation.

Physical

and

electrochemical

characterizations were carried out on the synthesized Fe3O4/C composite and bare
Fe3O4.
Chapter 5 presents research on the high capacity and high rate capability of
nanostructured CuFeO2 anode materials for lithium-ion batteries. Nanostructured
transition metal oxides are attractive materials as prospective anodes to replace
graphite in lithium-ion batteries (LIBs) due to their high reversible capacities.
Recently, nanostructured ternary transition metal oxides have been explored as anode
materials to improve cyclability. Compared with CuCo2O4, CuFeO2 is more desirable
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for use as anode material, as it is much cheaper and non-toxic. The cyclability and
high rate capability of CuFeO2 anode materials for lithium-ion batteries, however,
have never been investigated. Therefore, nanostructured CuFeO2 was synthesized
using a simple sol-gel method. The cycle life and the high rate capability of
nanostructured CuFeO2 have been studied in detail for the first time.
Chapter 6 presents a study of the compatibility between transition metal oxide/carbon
composite anode and ionic liquid electrolyte for the lithium-ion battery. The
commercially available electrolytes typically are flammable organic solvents, which
present significant safety issues. Room temperature ionic liquids (RTILs), on the
other hand are, in some cases, flame resistant, non-volatile and electrochemically
stable, giving them potential as safe electrolytes in lithium ion battery systems. There
are still no reports, however, on using ionic liquids with transition metal oxide anode
materials. In this thesis, two types of RTILs were used as electrolyte for three types
of transition metal oxide/carbon composites. The RTILs used were 1-ethyl-3-methylimidazolium

bis(fluorosulfonlyl)imide

(EMI-FSI)

and

1-methyl-1

propylpyrrolidiniumbis (fluorosulfonyl) imide (Py13-FSI).
Chapter 7 presents the development of MoS2-CNT composite thin film from layered
MoS2 for lithium batteries. Batteries with layered MoS2 electrodes have displayed
high capacity, coupled with extraordinarily high cycling stability. The vast majority
of studies on layered MoS2, however, have involved electrodes formed from ordered
crystallites. Possibly more interesting would be films of randomly restacked MoS2
nanosheets, due to their higher porosity and potential for larger interlayer spacing.
Such systems have never been systematically studied and reported. Compared to the
bulk composites, preparation of composite thin films incorporating layered materials
still remains a challenge, with few reports up to now. A facile composite thin film
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preparation technique has been developed. Single-wall carbon nanotubes (SWCNTs)
were used as the carbon additive in order to generate thin films with threedimensional (3D) porous scaffolds, preventing the restacking of MoS2 sheets. The
key step in this process is the exfoliation of the MoS2 powder in the solvent Ncyclohexyl-2-pyrrolidone (CHP) under high-power sonication. Such composite films
can be used for a broad range of applications, such as batteries, supercapacitors, and
fuel cells.
Chapter 8 presents research on sulphur-CNT composites coated by conducting
polymer for lithium-sulphur batteries. The Li/S battery shows great potential for the
next generation of lithium batteries that are capable of offering high energy density
as power sources for energy storage systems that can be coupled to renewable
sources, including wind, wave, and solar energy, as well as regenerative braking in
vehicular transport, as a fundamental solution to our serious emission and pollution
problems. The poor cycle life of Li/S batteries, however, is a significant barrier
toward its commercialization. In this study, a conducting polypyrrole coated sulphur
− multiwalled carbon nanotube composite was prepared and investigated as the
cathode materials for Li/S batteries. The advantages of using polypyrrole coating
comparing with polyaniline (Pan) and poly(3,4-ethylenedioxythiophene) (PEDOT) is
that the polypyrrole acts not only as a coating to improve the conductivity of the
electrode and reduce polysulfide dissolution, but it is also an active material, and it
can contribute capacity to the sulphur cathode in the lithium battery.
Chapter 9 presents a study on Sulphur-graphene composite for rechargeable lithium
batteries. Elemental sulphur has almost the highest theoretical capacity and highest
theoretical power density of all known cathodes. In addition to the high capacity,
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utilization of sulphur as a cathode material has the advantages of natural abundance,
low cost, and environmental friendliness.
Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms densely
packed in a honeycomb crystal lattice, and has attracted appreciable attention for use
as an energy storage material, because of its superior electrical conductivity, high
surface area of over 2600 m2g-1 per face, chemical tolerance, and broad
electrochemical window. Herein, sulphur-coated graphene composite has been
synthesized and investigated graphene nanosheets as a carbon matrix to improve the
performance of sulphur cathodes for rechargeable lithium batteries for the first time.
Because of its good electrical conductivity, graphene in the composites acted as an
electronic conductor.
Finally, in Chapter 10, general conclusions are summarized, and the outlook for
further investigations is also discussed.
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CHAPTER 2 LITERATURE REVIEW

2.1

Primary battery and rechargeable battery

An electrical battery consists of one or more cells that convert stored chemical
energy into electrical energy. [1] Since the invention of the first battery in 1800 by
Alessandro Volta and especially the technically improved Daniell cell in 1836,
batteries have become an important power source for many household and industrial
applications. There are two types of batteries: primary batteries, which are designed
to be used once and discarded, and secondary batteries (rechargeable batteries),
which are designed to be recharged and used multiple times. Primary batteries are
non-rechargeable, because the electrochemical reactions are irreversible under
practical conditions, and therefore are single use. In secondary batteries, the
electrochemical reactions are reversible; therefore, these types of batteries are
reusable. In this type of battery during discharge, the chemical energy is transformed
into electrical energy. The battery can be reused again once electrical energy has
been converted into chemical energy during the charging process.
In concept, the battery is quite simple, and consists of two electrodes and an ionic
conductive electrolyte between them. When the two electrodes are connected by an
external circle or device, electrons will flow from the more negative to the more
positive electrode. Meanwhile, ions are transported from the positive electrode to the
negative one through the electrolyte to maintain the charge balance. The anode,
which is the more negative in potential, is a good reducing agent, while the cathode,
which is the more positive one, is an electron acceptor. [2]
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The battery electrolyte is usually a liquid solvent which is ionically conductive and
physically separates the cathode and anode. In order to protect the anode from direct
contact with the cathode, a porous electrically insulating thin film is applied between
the anode and cathode. [3] Each electrolyte is stable only within certain voltage
ranges.
For rechargeable batteries, the electrode system must be both a good ionic and a
good electronic conductor. Many electrochemically active materials are not good
electronic conductors, however, and therefore, it is necessary to use carbon black,
which is electronically conductive. Because the electrochemical reactions only occur
at the interface where the electrode meets the electrolyte, the electrodes are
preferentially in the form of complex porous composites, which can increase the
specific surface area of the electrodes. [4]
Rechargeable batteries come in many different shapes and sizes, ranging from a
small button cell to megawatt systems connected to stabilize an electrical distribution
network. Several different combinations of chemicals are commonly used, including:
lead–acid, nickel cadmium (NiCd), nickel metal hydride (NiMH), lithium ion (Liion), and lithium ion polymer (Li-ion polymer). Some rechargeable battery types are
available in the same sizes as disposable types.
Rechargeable batteries have lower total cost of use and less environmental impact
than primary batteries. Rechargeable batteries have higher initial cost, but can be
recharged very cheaply and used many times.
Comparing the different kinds of rechargeable battery, the lithium battery has the
highest energy density and specific energy. In this doctoral work, lithium batteries
will be investigated and discussed in detail.
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2.2

Lithium battery

Lithium batteries were first proposed by M.S. Whittingham. [5] Whittingham used
titanium (II) sulphide as the cathode and lithium metal as the anode.
The advantage of using lithium metal was demonstrated in the 1970s, with the
assembly of a primary Li cell. The motivation to use Li metal as anode is the fact that
Li is the most electronegative (-3.04 V vs. standard hydrogen electrode (SHE)) and
the lightest metal (molar mass, M = 6.94 g mol-1, and specific density, ρ = 0.53 g cm3

), thus facilitating the design of energy storage systems with high energy density.

Lithium has a theoretical specific charge of 3861 mAh g-1. Since the 1970s, lithium
batteries have gained in popularity as they became more portable and useful for a
variety of purposes.
As with all types of batteries, lithium batteries can be divided into two families:
I.

Primary batteries, not rechargeable, such as the Li-MnO2, Li-SOCl2, and LiFeS2 systems, in which the anode is made from metallic lithium, posing
safety issues. As a result, lithium-ion batteries were developed in which both
anode and cathode are made of a material containing lithium ions.

II.

Secondary batteries, rechargeable, such as lithium batteries or lithium-ion
battery (LIB) systems.

In 1979, John Goodenough demonstrated a rechargeable cell with high cell voltage in
the 4 V range using lithium cobalt oxide (LiCoO2) as the positive electrode and
lithium metal as the negative electrode. [6] http://en.wikipedia.org/wiki/Lithiumion_battery - cite_note-21 This innovation provided the positive electrode material
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which made LIBs possible. LiCoO2 is a stable positive electrode material which acts
as a donor of lithium ions, which means that it can be used with a negative electrode
material other than lithium metal. By enabling the use of stable and easy-to-handle
negative electrode materials, LiCoO2 opened up a whole new range of possibilities
for novel rechargeable battery systems.
In 1985, Akira Yoshino assembled a prototype cell containing carbonaceous material
into which lithium ions could be inserted as the anode and lithium cobalt oxide
(LiCoO2) as the cathode material, which is stable in air. [7] By using an anode
material without metallic lithium, safety was dramatically improved over batteries
which used lithium metal. The use of lithium cobalt oxide (LiCoO2) enabled
industrial-scale production to be achieved easily. This was the birth of the current
lithium-ion battery. The first commercial LIB was launched on the market in 1991 by
Sony, with graphite (LixC6) as the anode and a layered-oxide (LixTO2, where T is Co
or another transition-metal) as the cathode. The energy it stores is about 180 Wh kg-1
at the average voltage of 3.8 V. [8] This specific energy is a factor of 5 and 3 higher
than those of the much older lead-acid batteries and recent Ni-MH cells, respectively.
Millions of Li-ion cells are produced every year for portable applications, but this is
not sustainable, because the supply of cobalt in nature is limited. Meanwhile, safety
is the most important issue for the LIB, as the cells contain combustible material and
oxidizing agents, which may have a high risk of runaway reaction, resulting in fires
and explosions. [9] This concern is extremely critical if the lithium-ion batteries are
used for energy storage in electrical vehicles or hybrid electrical vehicles. As a result,
improvements are needed in the materials for both the electrolyte and electrodes, and
the battery carbon footprint (70 kg CO2 per kWh), needs to be reduced. [10]
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2.3

Mechanism of lithium ion battery

A lithium-ion battery consists of a cathode and an anode on either side of a porous
separator that is soaked in the electrolyte. The electrolyte consists normally of
lithium salt dissolved in a mixture of organic solvents. The mechanism of the lithium
ion battery can be considered as based on the flow of lithium ions inside the battery
between anode and cathode and the transport of electrons outside the battery
(external circuit) between anode and cathode. The generation of lithium ions and
electrons occurs simultaneously from the reaction, Li → Li+ + e-. For the
rechargeable lithium-ion cell, the terms cathode and anode are defined as the higher
potential and lower potential electrode, respectively. Typically, the electrochemistry
of the total lithium cell reactions can be investigated using a half cell with lithium
metal as counter and reference electrode, denoted as vs. Li+/Li for the convenience of
research. Therefore, the active materials will be discussed later all work as cathode
materials in the half cell, but what they really are determined by the potential.
Normally, the cathode materials show a potential vs. Li+/Li higher than 2 V, while
the anode materials show a potential vs. Li+/Li lower than 2 V. The potential and
capacity of different cathode and anode materials are summarized in Figure 2.1.
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Figure 2.1 Summary of potential and capacity for different cathode and anode
materials. [11]

Figure 2.2 Schematic diagram of reaction mechanism in a rechargeable lithium ion
battery. [12]
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In practice, the anode and cathode contain polymeric binders to hold the powder
structure together and conductive diluents such as carbon black to give the whole
structure electronic conductivity, so that electrons can be transported to the active
material. Moreover, these combinations give sufficient porosity to allow the liquid
electrolyte to penetrate the powder structure and the ions to reach the reacting sites.
[13] The positive electrode (cathode) has a current collector made of thin aluminum
foil coated with lithium metal oxide, while the negative electrode (anode) has a
current collector made of thin copper foil coated with graphite carbon. The separator
is a fine porous polypropylene or polyethylene film, and the electrolyte is an organic
solvent with lithium salts dissolved in it. The wound cathode/separator/anode plus
electrolyte are contained within a metal (steel or aluminium) can and sealed with a
cap. The cap usually contains a mechanical vent mechanism which releases internal
cell pressure under abusive conditions and a positive temperature coefficient (PTC)
device to limit current in a short circuit or under other abusive conditions. In many
cells, an additional current interrupter is also included, which acts to remove the cell
from the external circuit in an overcharge situation. The electrochemical mechanism
of this battery at the electrodes and the overall reaction mechanism are shown in
Figure 2.2. As the lithium ions are included in the cathode material (LiMO2), the
cells need to be charged first to allow lithium ions to be de-intercalated from the
cathode to the anode. During the charge process the cathode electrode is oxidized,
and the anode electrode is reduced following the reactions below [14,15]
At positive electrode:
LiMO2 ↔ Li1-xMO2 + x Li+ + x e-

(2.1)

At negative electrode:
6C + x Li+ + x e- ↔ LixC6

(2.2)
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Overall reaction:
6C + LiMO2 ↔ Li1-xMO2 + LixC6

(2.3)

The majority of today’s lithium-ion batteries are still based on this concept. These
rocking chair batteries do not require a stringent manufacturing environment because
the starting electrode materials (i.e., lithiated oxides and carbon) are stable in
ambient atmosphere. The cell is assembled in its discharged state, where the output
voltage is close to 0 V, and activated during the first charge. [16] The concept is
similar to that of Ni-Cd batteries that need to be charged prior to use. The lithium-ion
cell delivers its capacity between 4.1-4.3 V and 2.5 V, with an average voltage of
3.5-3.7 V, and can be discharged reversibly down to 0 V. [13,17]
Basic concepts
In order to describe the battery system and evaluate the performance of the
electrochemical reaction, some basic concepts are listed below:
Voltage
The open-circuit voltage Voc (V) is the voltage across the terminals of a cell without
external current flow. Voc is determined by the difference between the
electrochemical potential of the anode (negative) and that of the cathode (positive).

Voc =( µ A − µC ) /(−nF )

(2.3)

Where µ A − µC is the difference in the electrochemical potential of the anode and the
cathode, n is the number of electrons involved in the chemical reaction of the cell,
and F is Faraday’s constant.
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The operating voltage of the cell is determined by:

=
V Voc − IR

(2.4)

Where I is the working current in the circuit and R is the internal resistance of the
cell.
Capacity
Capacity Q (Ah) is the total amount of charge on the electrode in the cell for the
redox reaction during the charge/discharge process.
t2

=
Q

I (t )dt
∫=

(2.5)

nzF

t1

Where I (t ) is the current, t is the time, n is the number of ions (mol), z is the
valence number of the ions, and Faraday’s constant, F = 96485 C mol-1.
Specific capacity
The theoretical specific capacity QTSC (Ah kg-1) for the charge ( Qsc ) or the discharge
( Qsd ) process is calculated based on both the capacity and the material’s mass,
namely, the capacity per unit mass (kg) of the active material.
Irreversible capacity
Irreversible capacity results from the irreversible lithium reaction, which allows no
further insertion into or extraction from the materials. It equals the difference
between the charge capacity and the discharge capacity for the nth cycle.
Irreversible capacity = nthQc − nthQd
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Columbic efficiency
Columbic efficiency (ηe ), always used to evaluate the cycling stability, is the ratio of
the charge capacity to the discharge capacity for the nth cycle.

ηe =

nthQd
nthQc

(2.6)

Energy
The terms specific energy (SE), which is expressed in watt-hours per kilogram (Wh
kg-1), and energy density (ED), which is expressed in watt-hours per litre (Wh L-1),
are used to compare the energy contents of a cell.

Power
The terms of specific power (SP), which is expressed in watts per kilogram (W kg-1),
and power density (PD), which is expressed in watts per liter (W L-1), are used to
evaluate the rate capability.
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Charge/discharge rate
The term charge/discharge rate or C-rate is employed to estimate how fast lithium
can be transferred. C denotes either the theoretical charge capacity of a cell or the
nominal capacity of a cell. For example, C/5 means a current allowing a full
charge/discharge in 5 h.
Thermodynamics
Thermodynamics describes reactions at equilibrium and the maximum energy release
for a given reaction. The reaction in an electrochemical cell is known as a redox
reaction, where there is electron transfer between active species. The reactions on
electrodes when the cell is releasing energy can be described by two half-cell
reactions, ie, the reduction reaction on the cathode (Equation 2.1) and the oxidation
reaction on the anode (Equation 2. 2) [18,19]
At the cathode: aA + ne − + nLi + ↔ cC

(2.11)

At the anode: bB − ne − − nLi + ↔ + dD

(2.12)

Overall reaction: aA + bB ↔ cC + dD

(2.13)

The basic thermodynamic equations for the overall reversible electrochemical
transformation are given as:
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∆G =∆H − T ∆S

(2.14)

Where ∆G is the Gibbs free energy, ∆H is the enthalpy, T is the absolute
temperature, and ∆S is the entropy. When the reaction is under equilibrium
conditions, the equation is described in terms of standard variables:
∆G o =∆H o − T ∆S o

(2.15)

If the released Gibbs free energy is all transferred to electrical work, then

∆G =
W=
−nFE
(2.16)
and under standard conditions:
∆G o =
−nFE o

(2.17)

E o is the standard electrode potential. The Gibbs free energy of a reversible reaction
is also related to the activity of the reactants and products:

(γ C ) (γ D )
+ RT ln
a
b
(γ A) (γ B )
c

∆G =
∆G

o

d

(2.18)

Where R is the gas constant, γ is the activity factor, and a , b , c , and d are the
number of moles of the active species involved in the reaction.
From Equations (2.12) to (2.14), the Nernst equation for the electrochemical cell
could be obtained as follows:
RT ( γ C ) ( γ D )
E E −
=
ln
nF ( γ A )a ( γ B )b
c

d

o

(2.19)
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Kinetics
Thermodynamics gives the feasibility of a reaction under equilibrium conditions,
however, in an actual situation when current flows, the voltage decreases due to nonequilibrium and kinetics limitations during operation, which is known as electrode
polarization (η ). The different kinetics effects on polarization can be classified into
three types [20]:
(1) Activation polarization arises from the kinetics of the charge-transfer reaction
taking place at the electrode/electrolyte interfaces. Activation polarization follows
the Tafel equation:

ηa= a − b log( I I 0 )

(2.20)

Where a and b are constants, I is the reaction current flow, and I 0 is the exchange
current.
(2) Ohmic polarization arises from the resistance of the system, including the
electrolyte, electrode surface, active materials, current collector, etc. It follows the
linear Ohm’s Law:

ηo = IR

(2.21)

(3) Concentration polarization arises from limited active species transport
capabilities. It can be describe as follows:

ηc = ( RT n) ln(C C0 )

(2.22)
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Where C is the concentration at the electrode surface and C0 is the concentration in
the bulk of the solution.
2.4

Milestones in the development of the lithium ion battery

In 1980, LiCoO2 as a positive electrode material was invented by Prof. J. B.
Goodenough and co-workers. [6,21] The reversible electrochemical intercalation of
lithium into graphite was first discovered by Yazami and Touzain in 1982. [22,23] A
batch of prototype LIB cells was fabricated by Dr. Akira Yoshino in 1986 [7,24], and
the Sony Company began mass production of LIBs in 1991. [25]
In 1996, Goodenough, Akshaya Padhi, and co-workers identified lithium iron
phosphate (LiFePO4) and other phospho-olivines (lithium metal phosphates with the
same structure as the mineral olivine) as cathode materials. [26] In this work, it was
shown that LiFePO4 (triphylite) is an excellent candidate for the cathode of a lowpower,

rechargeable lithium battery

that is

inexpensive,

non-toxic,

and

environmentally benign. It also introduced a new phase, FePO4, which is
isostructural with heterosite, Fe0.65Mn0.35PO4. Iron phosphate promised to be cheaper,
safer and more environmentally friendly than cobalt oxide. There were just two
problems: it had a lower energy-density than cobalt oxide, and it suffered from low
conductivity, limiting the rate at which energy could be delivered and stored by the
battery.
In 2002, Chung et al. [27] showed that controlled cation nonstoichiometry combined
with solid-solution doping by metals supervalent to Li+ increased the electronic
conductivity of LiFePO4 by 8 orders of magnitude. This caused a surge of interest in
this compound and led to an understanding of what causes the conductivity changes.
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2.5

Advantages and commercial applications of Li-ion battery

Different electrochemical systems that have distinct characteristics of energy and power
density are suitable for different electrochemical storage applications. For instance,
supercapacitors or ultracapacitors provide a small amount of energy over an extremely
short time and are thus suitable for fast rate of charge and discharge, i.e. the acceleration
of a car at a traffic light. Whereas, fuel cells have high energy density, with the energy
delivered over longer times, so they can provide the energy necessary to cruise for a long
period at a constant speed when driving on a highway. Batteries are somewhere in
between these systems, providing a bridge between the two. This makes them suitable
for either replacing or complementing one of the other technologies. Li-ion batteries are
most commonly found in the portable market. Thanks to their high energy density, it is
possible to have a light and compact energy source that can power electronic devices for
several hours or even days. Figure 2.3 shows a comparison of the Li-ion battery with
other rechargeable batteries (NiMH and NiCd).
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Figure 2.3 Comparison of the specific energy and energy density of rechargeable
lithium batteries with those of other systems.

In this plot, lithium based batteries show higher gravimetric and volumetric power
density than the others. In comparison with other systems, Li-ion batteries have values
two or three times higher. This gives the possibility of packing the same energy into half
of the weight, which represents an enormous advantage when portability is required.
Typical markets for the application of Li-ion batteries are in information technology
(camcorder, laptop computer, and digital camera) and portable machine tools (drills,
saws, and sanders). Li-ion batteries are used in stationary applications, too. They are
used in telecommunications to power radio stations for telephone networks when the
power network is down. From the consumer’s point of view, Li-ion batteries have the
following advantages:

(1) High energy density: approximately double that of Ni-Cd batteries.
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(2) High output voltage: 3 times greater output power than Ni-Cd batteries; one cell
battery pack designs can be achieved because of the high cell voltage of 3.6 V.

(3) Low maintenance battery: no memory and no scheduled cycling is required to
prolong the battery's life.

(4) Low self-discharge rate: around 2 % per month at 20 °C.

(5) Long life cycle: 500 recharging cycles with consistent performance.

(6) Cause little harm when discarded: Li-ion batteries do not contain cadmium,
mercury, or other toxic heavy metals.

(7) Wide operating temperature range due to non-aqueous electrolytes.

(8) Lithium has a very negative redox potential, -3.04 V vs. SHE, and also a low
molar mass of approximately 7 g mol-1.

42

Figure 2.4 Global forecast for lithium battery sales through 2012. [28]
According to a new and updated technical market report on lithium batteries, Markets
and Materials, from BCC Research, the rechargeable secondary lithium battery market
will continue growing to more than $6.3 billion by 2012, with a compound annual
growth rate of 5.6 %, as shown in Figure 2.4. A new generation of energy-hungry
electronic devices, such as digital cameras, camera phones, and high performance
portable computing devices, is the main force driving the growth. Just as lithium
batteries replaced nickel-based primary batteries in many applications, current Li-ion
battery designs are beginning to be replaced by advanced lithium-ion chemistries, for
examples lithium phosphate, lithium iron phosphate, and especially, lithium polymer
systems. For many years, nickel-cadmium was the only suitable battery system for
portable equipment, from wireless communications to mobile computing. Nickel-metalhydride and Li-ion batteries emerged in the early 1990s, fighting head-to-head to gain
customer acceptance. Today, Li-ion is the fastest growing and most promising battery
chemistry, and Li-ion will still lead in terms of the demand for powering portable
devices. Figure 2.5 shows the distribution of the rechargeable battery market for
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different applications. Clearly, Li-ion batteries play a major role in digital cameras,
cellular phones, and computer devices.

Figure 2.5 Uses for each type of rechargeable battery on the world market. [29]
Commercialization led to a rapid growth in the market for higher capacity LIBs. The
LIB has been firmly established in a wide range of electronic applications, and LIB
production now amounts to some US$1.0 billion. Furthermore, full-scale adoption of
the LIB in electric vehicles (EVs) and hybrid electric vehicles (HEVs) began in
2011. The evolution of the LIB continues apace, with issues such as safety, higher
capacity, cost reduction, and mass production being the subject of intensive research
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throughout the world. The development of new battery systems based on the LIB
will spur another leap in innovation.
2.6

The challenges of research and development of the Li-ion battery

Nowadays, thinner, lighter, more space-effective, and more flexible batteries are in
constant demand from consumers. In addition to their use in consumer electronics, Liion batteries are growing in popularity and represent a serious challenge in the years to
come in terms of taking over the defence, automotive, and aerospace markets. Such
demand generates more challenges for research and development, to search for new cell
configurations and new electrochemistry for the next generation of Li-ion batteries.
2.6.1

Materials and Cost

Billions of Li-ion cells are currently being produced, but this is not sustainable, as cobalt
(LiCoO2) must be obtained from natural resources. The price of this metal has been
extremely unstable in the past few years, and the trend is rising. Additionally, the main
cobalt resources are located in politically unstable countries, and this instability makes
the supply even more unreliable. Moreover, cobalt is extremely toxic, and it should be
properly recycled. Hence, there is an enormous interest, primarily driven by cost and
environmental concerns, to search for alternative insertion compounds.
Regarding performance, the challenge is to enhance both the power and the energy
density in advanced batteries, especially those for use in automotive applications. The
power density can be improved by finding materials that can guarantee a higher rate of
charge and discharge, and the energy density by enlarging the potential window with
positive electrode materials that have an intercalation potential at 5 V vs. Li/Li+ or more.
Consequently, considerable research is being focused on identifying new cathode and
anode materials by innovative synthesis and processing procedures to develop low-cost
materials with high performance. The use of a high intercalation potential window is also
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limited by the currently available electrolytes. Electrolyte starts to oxidize around 4.5 V
vs. Li/Li+ and therefore is not stable at high potential. Hence, polymer electrolytes and
room temperature ionic liquids are being investigated, leading to the so-called lithium
polymer batteries.
2.6.2

Safety requirements

If overheated or overcharged, Li-ion batteries may suffer thermal runaway and cell
rupture. In extreme cases this can lead to combustion. Deep discharge may shortcircuit the cell, in which case recharging would be unsafe. To reduce these risks,
lithium-ion battery packs contain fail-safe circuitry that shuts down the battery when
its voltage is outside the safe range of 3–4.2 V per cell. When stored for long periods,
the small current draw of the protection circuitry itself may drain the battery below
its shut-down voltage, so normal chargers are then ineffective. Many types of
lithium-ion cell cannot be charged safely below 0°C.
Other safety features are required in each cell:
•

Shut-down separator (for overly high temperature)

•

Tear-away tab (for internal pressure)

•

Vent (pressure relief)

•

Thermal interrupt (overcurrent/overcharging)

These devices occupy useful space inside the cells, add additional points of failure,
and irreversibly disable the cell when activated. They are required because the anode
produces heat during use, while the cathode may produce oxygen. These devices and
improved electrode designs reduce/eliminate the risk of fire or explosion.
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These safety features increase costs compared to nickel metal hydride batteries,
which require only a hydrogen/oxygen recombination device (preventing damage
due to mild overcharging) and a back-up pressure valve.
2.7
2.7.1

Materials for the lithium battery

Anodes

The anode is the more negative electrode in the battery. On discharging, the lithium
atoms leave the anode electrode in the form of Li+ and pass to the cathode through
the electrolyte. The process is reversed in the charging process. Because of its
exceptionally negative potential and exceptionally light weight, lithium was used as
the anode material in the early period of the lithium ion battery. The lithium battery
was not very successful, however, in its first trials due to safety issues caused by the
lithium metal anode. The lithium ions, when they leave the surface regions of the
metal, are not deposited homogeneously during charge, which leads to a marked
complexity of the metal surface and growth in the areas exposed to the electrolyte.
[30] This causes two problems. One is increasing internal temperature of the cell,
which is caused by the increased electrolyte/electrode reaction resulting from the
increasing surface area of lithium metal; the other is internal short-circuits caused by
growth of dendrites towards the cathode after several tens of cycles, which may have
explosive results. [31]
2.7.1.1 Anode materials for lithium-sulphur batteries
Metallic lithium is a good candidate for the anode in a sulphur-based rechargeable
battery because it has the highest theoretical specific capacity (3860 mAh g-1) and the
lowest weight (atomic weight: 6.941). The growth of dendrites, however, affects the
cycling stability of this type of electrode. [32] Dendrites are generated from the
repetitive deposition and dissolution of lithium during charging and discharging, and
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the cycling is shortened due to this dendrite growth. The commercial use of lithium
rechargeable batteries has been restrained due to this problem. The invention of ionic
liquid-based electrolytes and polymer electrolytes enables the safe use of metallic
lithium as an anode in the batteries. [33-35] On the other hand, using sodium and
other metallic anodes may speed up the development of sulphur-based batteries.
A typical Na/S battery consists of sulphur at the positive electrode and sodium at the
negative electrode, separated by solid beta alumina ceramic electrolyte. This type of
Na/S battery must be operated at about 300 oC to ensure sufficient Na+ conductivity
in the electrolyte. One of the severe problems of the sodium/S battery is its high
operating temperature, which could induce explosions, corrosion, and high power
consumption to maintain heating at its operating temperature. Recently, room
temperature Na/S batteries have been studied by several research groups. [36,37] In a
low temperature Na/S battery, the sulphur cathode will encounter the same problems
as in Li/S batteries: low utilization of active material, poor rechargeability, and
dissolution of polysulphides into electrolyte. [38]
2.7.1.2 Anode materials for lithium ion batteries
The pioneering concept of the “rocking-chair” was introduced in the early 1980s.
[39,40] In this concept, both electrodes reversibly intercalate and de-intercalate
lithium during charging and discharging. These systems require two intercalation
compounds with different potential to provide cell voltages. The most common
anode materials for the lithium ion battery are varying kinds of carbon, lithium
alloys, and transition metal oxides. Some oxides, such as Li4Ti5O12 and lithium
perovskites, which can also reversibly react with lithium at relative low potential, can
be considered as anode materials. To achieve as high a potential as possible in the
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battery, the reaction potential of the anode material must be as low as possible.
Moreover, the anode material should accommodate high amounts of lithium to
achieve a high specific capacity and should be capable of tolerating the repeated
lithium insertion and extraction without any structural damage to obtain long cycle
life. Finally, the electrode materials must be low-cost and easy to handle. [41, 42]
With regards to the anode materials, graphite or graphitizable carbons are the most
common materials for the lithium ion battery. Graphite is a layered material which
has been used in lithium ion batteries as anode for decades, although the lithium
storage capacity of graphite is limited to 372 mAh g-1. [43] Metals and some
semiconductors, such as Sn and Si, can electrochemically react with lithium to form
alloys in partially reversible processes, and they provide a much larger specific
capacity than graphite. [44] Lithium alloys are brittle and easily pulverized by the
large volume change during charging and discharging, however, which results in the
loss of connection with the conducting additive and causes poor cycling. [45] One
approach to overcome the drawback of particle pulverization is to coat the metal
particles with a less active matrix, normally carbon, to improve tolerance of the
volume changes during cycling. [46,47] Transition-metal oxides are the other group
of anode materials. These materials, such as CoO, Co3O4, Fe2O3, NiO, MnO, and
MoO3, can have complete electrochemical reactions with lithium. [48] The products
are composite of nanometer-scale metallic clusters, which are dispersed in an
amorphous Li2O matrix. Those materials provide higher reversible capacity, two to
three times higher than graphite. However, the initial columbic efficiency of
transition-metal oxides is quite low. Although there are many approaches reported to
improve the columbic efficiency, the transition metal oxides are still not suitable
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commercial anode materials for lithium ion batteries. Further research is required to
improve the electrochemical performance of alternative anode materials.
2.7.2

Cathodes

2.7.2.1 Cathode materials for lithium sulphur batteries
Among the various types of cathode materials, the sulphur and sulphur-containing
compounds have attracted much attention. This is because elemental sulphur and
sulphur-containing compound materials have a high theoretical capacity and a high
theoretical power density. [49] Li/S secondary battery system provides nearly the
highest theoretical energy density on a weight (2500 Wh/kg).

The theoretical

specific energy density of Na/S batteries systems is 760 Wh kg-1. [50] In addition to
the high capacities, sulphur and sulphur-containing compound materials have other
advantages, such as natural abundance of the raw materials, low cost, and
environmental friendliness. Therefore, sulphur and sulphur-containing compound
(sulphites and organic S containing compounds) / metal (Li and Na) batteries show
great potential for the next generation batteries that are capable of offering high
energy and power densities as power sources for EV and HEV at low cost.
2.7.2.2 Cathode materials for lithium ions batteries
There are two main groups of cathode materials. One consists of layered compounds
in which the anionic atoms form a close-packed or almost close-packed lattice with
redox-active transition metal occupying alternate layers. The lithium ions insert
themselves into the essentially empty remaining layers. [51] LixTiS2 and LixMO2 (M
= Co, Ni, Mn) are all layered compounds. Spinels (LiMn2O4) may be considered as a
special case of the layered structure where the transition-metal cations are ordered in
all the layers. [52] Another class of cathode materials have more open structure,
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including vanadium oxides, manganese dioxide, and olivine LiFePO4. [53] These
materials have attracted more attention because of their potentially lower cost.
However, one of their main drawbacks is the poor electronic conductivity.
Cathode material is designed to be chemically stable, with its principal
characteristics shown as follows [54]:
1) The discharge reaction has a reasonable large negative Gibbs free energy (high
discharge voltage).
2) The host structure must have a low molecular weight and the ability to intercalate
large amounts of lithium (high energy capacity).
3) The host structure must have a high lithium chemical diffusion coefficient (high
power density).
4) The structural modifications during intercalation and de-intercalation should be as
small as possible (long cycle life).
2.7.3

Electrolyte

2.7.3.1 Electrolytes for sulphur-based batteries
In general, a sulphur cathode shows two plateau regions at 2.4 V (vs. Li/Li+) and 2.0
V (vs. Li/Li+) during the discharging process. Electrolyte analyses during cycling in
the two different regions indicate that more sulphur is dissolved into the electrolyte
during the upper plateau reaction (2.4 V vs. Li/Li+) than during the lower plateau
reaction. [55] Polysulphides are stable products and are soluble in organic solventbased electrolytes, resulting in loss of sulphur from the cathode. [56] This indicates
that not only the sulphur cathode, but also the electrolytes must be improved to
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achieve the high capacity and long cycle life requirements of lithium/sulphur
batteries.
2.7.3.2 Electrolytes for lithium ion batteries
The electrolyte is the medium where ions are transferred between the two electrodes.
As shown in Figure 2.2, the energy gap or energy separation of the lowest
unoccupied molecular orbital (LUMO) from the highest occupied molecular orbital
(HOMO), Eg, is also known as the ‘window’ of the electrolyte. If the electrochemical
potential of the anode (μa) or of the cathode (μc) exceeds the range of Eg, the
electrolyte will be decomposed, unless a passivating solid/electrolyte interphase
(SEI) layer is formed to provide a barrier against electron transfer between the
electrode and the electrolyte.
To obtain a cell with a high open circuit voltage, non-aqueous electrolyte is
necessary, because aqueous electrolyte has a limited Eg. In commercial electrolyte,
carbonates such as diethyl carbonate (DEC) and dimethyl carbonate (DMC) are used
as solvents for Li salts, which have an oxidation potential of ~ 4.7 V and a reduction
potential near 1.0 V. LiPF6 is used as the Li salt. Ethylene carbonate (EC) is also
added to the electrolyte to provide a passivating SEI layer on the surface of the
carbon anode, which protects the electrolyte from further decomposition. Carbonates
are highly flammable, however, and LiPF6 will decompose into LiF and PF5, so as to
irreversibly react with any water that is present (PF5 + H2O = PF3O + 2HF). These
reactions all lead to safety hazards. Therefore, in addition to a large electrolyte
window, there are several requirements, such as [57]
1) High Li+ ion conductivity and low electronic conductivity over the temperature
range of battery operation.
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2) Ability to rapidly form a passivating solid/electrolyte interphase (SEI) layer and to
retain the layer during cycling when the electrode particles are changing their
volume.
3) Chemical stability over the ambient temperature range and temperatures in the
battery under high power.
4) Safe materials with low toxicity and low cost.
Several approaches have been considered for alternative electrolytes for the Li-ion
battery. One is the room-temperature ionic liquids (RTILs), which have the
advantages of high oxidation potential (~5.3 V vs. Li/Li+), non-flammability, better
thermal stability, low toxicity, high boiling points, and high Li-salt solubility, as well
as the disadvantage of low Li ion conductivity because of high viscosity or poor
stability at voltages below 1.1 V. In most cases, liquid carbonates may be needed as
an addition to improve the conductivity of the electrolyte or to promote the SEI layer
on carbon anode to prevent further reaction. The other approach to improving the
electrolyte is to use solid electrolytes, which can act as both as a separator and an
electrolyte, and are much more safe for the lithium ion battery.
The polymer solid electrolytes, however, are not comparable to the carbonate
electrolytes in terms of Li ion conductivity; and the inorganic solid electrolytes are
not able to maintain the electrode/electrolyte interface during cycling when the
electrode particles are changing their volume. [40]
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2.7.4

Background of materials development studied in this thesis

2.7.4.1 Transition-metal oxides
Electrodes operating by the intercalation/de-intercalation process are inevitably
restricted in capacity to limited numbers of lithium atoms per host. As alternative
materials for the anode, it has been reported that transition metal oxides can react
with lithium reversibly. Electrodes made from nanoparticles of transition metal
oxides (MO, where M represents Co, Ni, Cu, or Fe) with the rock salt structure
exhibit high specific capacity and good capacity retention in lithium ion batteries.
[58] The mechanism of reaction with lithium is different from that of the carbonbased materials, involving the formation and decomposition of Li2O, which
accompany the reduction and oxidization of metal nanoparticles. [35] The reaction
can be described as MO + 2Li+ + 2e- ↔ Li2O + M0. For full reduction, the
amorphous Li2O forms a matrix, and the reduced nanoscale metallic particles are
dispersed into the matrix. The main difference from previous research is the finding
that Li2O becomes electroactive during the charge of the lithium cell. As nanosized
materials strongly affect chemical and physical phenomena, it is believed that such
behaviour is due to the nanosized metallic particles dispersed in the Li2O matrix,
which are reactive with the lithium. [59] Because of the nanometric nature of the
composite, such reactions are highly reversible and can be maintained for hundreds
of cycles. Besides oxides, many other materials, such as sulphides, nitrides, fluorides,
and phosphides, are reported to have the capability to react with lithium based on the
conversion reaction. [60,61] The conversion reaction of 3D metals provides the
possibility of achieving high capacity improvement with low cost and environmental
advantages. By tuning the electronegativity of the anion, it is also possible to control
the redox potential due to the chemical versatility of such conversion reactions. [62]
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Most 3D metal oxides can achieve their best capacity retention when they are cycled
in the range of 0.01 and 3 V. They show very good rate capability. The
electrochemical performance for each compound is slightly different, however. For
NiO and FeO, the reversible capacity is close to 700 mAh g-1 with high cycling
efficiency. The reversible capacity shows continuous decay, however. [43] Cu2O was
reported to have a reversible capacity of ~400 mAh g-1 with good capacity retention
at the optimal particle size of ~2 μm. [41] The capacity of Co oxide remained stable
or slightly increased in the first few cycles, and then decayed. [63]
The reversible capacity of CoO is around 700 mAh g-1. [43,64] Some independent
groups examined spinel Co3O4 as an anode material for lithium ion batteries and
found very large lithium storage capacity, in which the reversible capacity is more
than 900 mAh g-1 . [65] Some interesting results were found by Pralong’s group. [66]
They deposited a Co3O4 thin film on a nickel substrate by pulsed laser deposition and
investigated the electrochemical properties. It was found that at the first discharge
process; the potential decrease was quasilinear, which corresponds to an uptake of 10
lithium ions per molecule. The voltage-composition profile curve changed from a
nice plateau toward a slow slope upon increasing the discharging rate. In the cycling
test, the capacity was rapidly decreased during the first 10 cycles, and then stabilized
and slightly increased to 800 mAh g-1 after a few hundred cycles. It is believed that
this phenomenon is related to the occurrence of a second redox process involving the
electrolyte. [67] Due to its low cost and high resistance to corrosion, Fe2O3 is a
promising material for lithium storage application. Chen Jun’s group synthesized
Fe2O3 nanotubes and investigated their electrochemical properties. The capacity is
over 1000 mAh g-1, but it decays continuously. There are two cathodic peaks, which
were found from cyclic voltammetry (CV) to be located at 1.53 and 0.5 V, and are
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believed to be associated with lithium intercalation and reduction of Fe3+ to Fe0,
respectively. [68] To achieve more stable cycling performance, further improvement
is required. TiO2 has also attracted considerable attention for application in lithium
storage. Rutil and brookite show very poor lithium intercalation properties, while
anatase shows good electrochemical performance. [69] The TiO2-B polymorph is an
excellent intercalation host for Li, with up to 0.91 Li+ per TiO2-B (305 mAh g-1) at
1.5 - 1.6 V vs. Li/Li+, accompanying good capacity retention on cycling. Spinel
Li4Ti5O12 is also an interesting material for the lithium ion battery. This material has
a very stable structure for lithium insertion and extraction. The plateau is at about 1.5
V, and the capacity value is close to 150 mAh g-1. [70,71]
Binary transition metal oxides, such as Co3O4, NiO, Fe2O3, and Cu2O, have been
extensively studied. [72-75] They demonstrate high theoretical capacities, but have
poor cycle life due to large volume expansion and contraction during the Li+
insertion and extraction reactions. [76] Recently, ternary transition metal oxides have
been explored as anode materials to improve cyclability. [77-79] Chowdari’s group
has reported that galvanostatic cycling of CuCo2O4 at 60 mA g-1 in the voltage range
of 0.005-3.0 V versus Li metal exhibits only a small capacity fading of 2 mA h g-1
per cycle for up to 50 cycles. [74] Sukeshini’s group has reported that lithium can
intercalate into CuFeO2 at a voltage of about 1 V vs. Li/Li+. [73]
A major drawback for conversion reactions is the poor energy efficiency due to the
large separation of the voltage on charge and discharge. [43] The polarization may be
associated with the energy barrier to breaking the M-X bonds, where X is the anion,
and appears to be related to the nature of the anion. [80]The phosphides have low
polarization and low voltage, which make them more attractive anode materials.
They may be a better alternative to graphite when the problem of stabilization in
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contact with the electrolyte can be improved. [81,82] The diffusion distances of
lithium ions and electrons also limit the kinetics of the conversion reaction. The
nanostructure approach is being applied to improve the lithium diffusion by reducing
the diffusion distance. [43]
2.7.4.2 Sulphides
Layered structured transition-metal dichalcogenides were investigated as cathode
hosts for lithium intercalation. In this family, MoS2 or TiS2 were commercialized by
Moli Energy and Exxon Mobile in the 1970s in lithium batteries. [83] Due to the
safety problems arising from the lithium metal anode in the lithium battery, however,
it was replaced by the lithium-ion battery. These 2 V (vs. Li+/Li) sulphide materials
also motivated a search for a Li-insertion cathode material having a lower Fermi
energy. As higher voltage cathodes were explored, sulphides have been recently
investigated as anode materials, including MoS2, WS2, Co9S8, ZnS, and Al2S3. [8490] MoS2 shows similarity to graphite, with its S-Mo-S sandwich layers bonded by
the van der Waals interaction. In analogy to carbon nanotubes, MoS2 nanotubes were
synthesized, and lithium could intercalate into them. Recently, research on twodimensional graphene has been highly topical, with graphene showing different
lithium storage performance as anode from its other allotropes. MoS2 and WS2 were
prepared as 2D graphene-like nanosheets and showed unique photo-illuminance and
transistor properties. [91-93]
2.7.4.3 Sulphur
Over the past decade, substantial efforts have been devoted to developing and
introducing electric vehicles (EVs) and hybrid electric vehicles (HEVs), as a
fundamental solution to the serious greenhouse gas emission and pollution problems
caused by the rapidly growing populations of automobiles and other oil-based
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transportation modes. Another important factor motivating the shift to EVs and
HEVs is that resources of fossil fuels are limited and the price of petrol is increasing.
Among the various types of rechargeable batteries, the sulphur-based battery system
is a very attractive candidate, because utilization of sulphur as a cathode material has
the distinguishing advantages of natural abundance of the raw materials,
environmental friendliness, and low cost. Compared with the commercial cathode
material, LiCoO2, the price of sulphur is much cheaper (LiCoO2: A$60/kg, S:
A$ 0.20/kg). Therefore, the sulphur-based battery shows great potential for the next
generation battery that can offer high energy density as a power source for EVs and
HEVs at an acceptable low cost.
The development of sulphur-based batteries has met several challenges, however,
such as that (i) sulphur is highly insulating (5 × 10-30 S cm-1 at 25 oC), which leads to
poor electrochemical accessibility and low utilization of the sulphur in the electrode;
(ii) polysulphide, which forms during the first discharge step of a sulphur/metal
battery, is generally soluble in conventional organic solvent based electrolyte, which
causes the rapid irreversible loss of sulphur active materials over repeated cycles;
and (iii) the formation of lithium dendrites during charging creates "dead” Li, which
can reduce cycle life and cause internal short circuits in the battery.
2.7.4.4 Electrolytes for sulphur-based batteries
In general, a sulphur cathode shows two plateau regions at 2.4 V (vs. Li/Li+) and 2.0
V (vs. Li/Li+) during the discharging process. Electrolyte analyses during cycling in
the two different regions indicate that more sulphur is dissolved into the electrolyte
during the upper plateau reaction (2.4 V vs. Li/Li+) than during the lower plateau
reaction. [94] Polysulphides are stable products and are soluble in organic solvent58

based electrolytes, resulting in loss of sulphur from the cathode. [95] This indicates
that not only the sulphur cathode, but also the electrolytes must be improved to
achieve the high capacity and long cycle life requirements on lithium/sulphur
batteries.
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CHAPTER 3 EXPERIMENT

3.1

Materials and chemicals

The materials and chemicals used during my PhD studies for the synthesis,
characterization, and electrochemical testing are summarized in Table 3.1. The
details of the suppliers are also provided for reference.
Table 3.1
Materials/Chemicals

Formula

Copper(II) nitrate

Cu(NO3)2 · 2.5H2O

Purity
(%)
99.99

hemi(pentahydrate)
Iron(III) nitrate nonahydrate

Supplier
Sigma-Aldrich
Australia

Fe(NO3)3 · 9H2O

98

Sigma-Aldrich
Australia

Ethylene Glycol

HOCH2CH2OH

62.07

Sigma-Aldrich
Australia

Polyvinylidene fluoride

(CH2CF2)n

N/A

(PVDF)
1-methyl-2-pyrrolidinone

Australia
C5H9NO

99.5

(NMP)
Acetylene carbon black

Sigma-Aldrich

Sigma-Aldrich
Australia

C

-

Cabot
Australasia

Lithium hexafluorophosphate

LiPF6

99.99

Sigma-Aldrich
Australia
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Materials/Chemicals

Formula

Lithium hexafluorophosphate

LiPF6

Purity
(%)
99.99

Supplier

Sigma-Aldrich
Australia

Ethylene carbonate (EC)

C3H4O3

99

Sigma-Aldrich
Australia

Diethyl carbonate (DEC)

C5H10O3

99+

Sigma-Aldrich
Australia

Acetone

CH3-CO-CH3

99.9

Sigma-Aldrich
Australia

Lithium metal

Li

99.9

Sigma-Aldrich
Australia

Copper foil

Cu

N/A

China

Aluminium foil

Al

N/A

China

Acetic Acid

CH3CO2H

99+

Sigma-Aldrich
Australia

Ethanol

C2H5OH

Reagent

Q-store,
Australia

2-methoxyethanol

CH3OCH2CH2OH

99.8

Sigma-Aldrich
Australia

polyvinyl acetate (PVA)

[CH2CH(O2CCH3)]n

N/A

Sigma-Aldrich
Australia

sulphur

S

99.98

Sigma-Aldrich
Australia
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graphene

C

N/A

NSW university

Materials/Chemicals
Formula
Poly(ethylene glycolo
CH3O(CH2CH2O)nCH3

Purity
(%)
N/A

Supplier
Sigma-Aldrich

dimethyl ether 500
Australia
(PEGDME 500)
Lithium
CF3SO2NLiSO2CF3

99.95

Sigma-Aldrich

bistrifluoromethanesulfonimi
Australia
date (LiTFSI)
sodium carboxymethyl
C28H30Na8O27

N/A

Sigma-Aldrich

cellulose (CMC)
Australia
Nitric acid
HNO3
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Sigma-Aldrich
Australia

Iron(II) lactate hydrate
C6H10FeO6· xH2O

98

Sigma-Aldrich
Australia

Sucrose
C12H22O11

98

Sigma-Aldrich
Australia

Nickel nitrate hexahydrate
(Ni(NO3)2· 6H2O

97+

Sigma-Aldrich
Australia

Citric acid
C6H8O7

99.5+

Sigma-Aldrich
Australia

Copper(II) nitrate trihydrate
Cu(NO3)2· 3H2O

99.5

BDH

N/A

Dai-Ichi Kogyo,

1-ethyl-3-methylimidazolium
bis(ﬂuorsulfonyl)imide (EMI-

Seiyaku Co.,
FSI)
Ltd, Japan
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Oxalic acid

(DKS)

Materials/Chemicals

H2C2O4

98

Aldrich

N-methyl-N propylpyrrolid

Formula

Supplier

inium bis(ﬂuorsulfonyl)imide

C8 H18F2N2O4 S2

Purity
(%)
N/A

(Py13-FSI)

Dai-Ichi Kogyo,
Seiyaku Co.,
Ltd, Japan

Multi-walled carbon
nanotube

(DKS)
C

90+

Sodium thiosulfate

Sigma Aldrich,
Australia

Na2S2O3

99

Sigma Aldrich,
Australia

Triton-X-100
t-Oct-C6H4-

N/A

Sigma Aldrich,

Pyrrole

(OCH2CH2)xOH

Sodium P-toluenesulfonate

C4H5N

98

Aldrich

(PTSNa)

CH3C6H4SO3Na

95

Aldrich

FeCl3

99.99

Sigma Aldrich,

Australia

Iron (III) chloride

Molybdenum(IV) sulphide

Australia

Single-wall carbon nanotubes

MoS2

N/A

Sigma Aldrich

N-cyclohexyl-2-pyrrolidone

C

N/A

Iljin Nanotech

(CHP)

C10H17NO

99

Sigma Aldrich

(CH3)2CHOH

≥99

Sigma Aldrich

Isopropanol (IPA)
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3.2

Experimental procedures

This research work consists of two main parts: the first part covers the fabrication
and characterization of the electrochemically active materials; while the second part
involves the application of these electrochemically active materials as electrodes for
use in lithium rechargeable batteries.

Figure 3.1 Overall experimental procedures and techniques.
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3.3
3.3.1

Synthesis Method

Physical Vapour Deposition Method

Physical vapour deposition is a general term used to describe any of a variety of
methods to deposit thin films by the condensation of a vaporized form of the desired
film material onto various work piece surfaces. The coating method involves purely
physical processes such as high temperature vacuum evaporation with subsequent
condensation or plasma sputter bombardment, rather than involving a chemical
reaction at the surface to be coated as in chemical vapour deposition. In this doctoral
work, a mixture of sulphur and graphene was sealed in an iron tube, which was set
into a horizontal tube furnace and held at 200 oC under argon atmosphere for 6 h to
allow the melted elemental sulphur to infiltrate into the layer of graphene. Then, the
temperature was increased to 300 oC and held for 3 h under argon atmosphere, so
that the vaporized sulphur was coated onto the graphene.
3.3.2

Spray Pyrolysis

A schematic diagram of the spray pyrolysis system is shown in Figure 3.2. The spray
pyrolysis system is composed of a peristaltic pump, a nozzle, an air compressor, a 3zone vertical tube furnace, a sample collector, and a suction system. The precursor
solution was first peristaltically pumped into a spray pyrolysis furnace at an
operating temperature from room temperature to 1000 °C, using compressed air as
the carrier gas. The resultant powder was separated from the hot gas stream via a
collecting jar through a suction system and collected into airtight sample bottles. The
morphology and crystal structure of the product can be easily controlled via changing
the precursor, temperature, and nozzle size. The advantages of this system are that it
is one-step, fast, and industrially oriented.
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Figure 3.2 Schematic diagram of the spray pyrolysis system.
3.3.3

Sol- Gel Process

The sol-gel process is a wet-chemical technique used for the fabrication of both
glassy and ceramic materials. In this process, the sol (or solution) evolves gradually
towards the formation of a gel-like network containing both a liquid phase and a
solid phase. Typical precursors are metal alkoxides and metal chlorides, which
undergo hydrolysis and polycondensation reactions to form a colloid. The basic
structure or morphology of the solid phase can range anywhere from discrete
colloidal particles to continuous chain-like polymer networks. [96,97]
3.3.4

Liquid Exfoliation Method

The liquid exfoliation method can separate layered materials into individual sheets
with enhanced electronic properties. This method is insensitive to air and water, and
can potentially be scaled up to give large quantities of exfoliated material. In
addition, this procedure allows the formation of hybrid films with enhanced
properties. The liquid exfoliation method was used in this doctoral work for MoS2
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powder, which was exfoliated in N-cyclohexyl-2-pyrrolidone (CHP) using the
ultrasonication method and separated into nanosheets. After separating MoS2 into
nanosheets, single-wall carbon nanotubes (SWCNTs) were added into the layered
structure to form hybrid composite MoS2-SWCNTs.
3.3.5

Aqueous Solution Reaction

Liquid solutions are an important medium for chemical reactions. Water is by far the
most important liquid solvent, partly because it is plentiful and partly because of its
unique properties. Reactions in aqueous solutions usually involve ionic or polar
covalent compounds. The solubilities of such compounds are enhanced because of
their interactions with water molecules, especially the hydration of ions. Precipitation
reactions, acid-base reactions, and redox reactions are three important classes of
reactions occurring in aqueous solution.
3.3.6

Oxidative Chemical Polymerization Method

Polymerization is the process of reacting monomer molecules together in a chemical
reaction to form chainlike structures or networks. The monomer molecules may be
all alike, or they may represent two, three, or more different compounds. Usually at
least 100 monomer molecules must be combined to make a product that has certain
unique physical properties — such as elasticity, high tensile strength, or the ability to
form fibres. There are many forms of polymerization and different systems. The
oxidative chemical polymerization method was used in this doctoral work to produce
polypyrrole.
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3.3.7

Sonication

The dispersion of carbon nanotubes into Triton X-100 and water solution was carried
out with a high-intensity ultrasound horn (Sonics, model VC-750, 1 cm2 Ti horn at
20 kHz and 50 W cm-2 at 25 °C for 2 h).
3.4

Structural and Physical Characterization

The techniques for characterization of the as-prepared materials will be introduced in
detail in this section. Most of the characterizations were achieved in our institute and
the Intelligent Polymer Research Institute (IPRI) under the Australian Institute of
Innovative Materials (AIIM).
3.4.1

X-ray powder diffraction

X-ray diffraction (XRD) is non-destructive analytical X-ray scattering technique
revealing information about the crystallographic structure, chemical composition,
and physical properties of materials. X-ray radiation consists of electromagnetic
waves with wavelengths on the scale of angstroms (~1 Å), on the same order as the
atomic plane d-spacing in crystals. So, interference occurs at a certain angle from the
sets of atomic planes, and the scattering is unique to the crystal structure. The
resultant pattern could be used to analyse the sample structure. It is obtained by
scanning the sample through a range of angles (2θ), so that all possible diffraction
directions of the lattice can be attained due to the random orientation of the
powdered material. Conversion of the diffraction peaks to d-spacing allows
identification of the mineral because each mineral has a set of unique d-spacing. The
constructive interference between incident rays and the elastic scattering of X-rays
from the electron clouds of the individual atoms of the crystal follows Bragg’s Law:

nλ = 2d sin θ

(3.4)
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Where n is an integer, λ is the wavelength of the incident X-ray beam, d is the
distance between atomic planes in the crystal, and θ is the angle of incidence. X-ray
powder diffraction is very often available in laboratories to characterise the
crystallographic structure, crystallite size (grain size), and preferred orientation in
polycrystalline or powdered solid samples. In this study, all the XRD measurements
were performed in the step-scanning θ - 2θ mode with a Cu Kα radiation source (λ =
1.5406 Å).
3.4.2

Raman spectroscopy

Raman spectroscopy is an important technique to investigate vibrational, rotational,
and other low frequency modes in a structure. Based on a light scattering technique,
Raman measurement can be considered as a process where a photon of light interacts
with a molecule or the lattice (phonons) in a sample to produce scattered radiation of
different wavelengths. In the measurement, the incident monochromatic radiation
(usually from a laser) interacts with the sample, which could result in either elastic
scattering (Rayleigh scattering) or inelastic scattering (Stokes and anti-Stokes Raman
scattering), which shows an energy shift from the incident radiation. This energy
shift (expressed as frequency or wavelength) is detected and recorded, providing the
chemical and structural information on materials due to the interaction between the
incident electromagnetic waves and the molecular rotations, vibrations, or electronic
level transitions. In this study, Raman spectroscopy conducted on a JOBIN Yvon
Horiba Raman Spectrometer HR800 with a laser at 632.8 nm.
3.4.3

Scanning electron microscopy and Energy-dispersive X-ray spectroscopy

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons, and
collecting and analyzing the signals from the specimen-generated electrons, which
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contain the information about the sample’s surface topography, composition, and
other properties. Signals in a SEM include secondary electrons, back-scattered
electrons, characteristic X-rays, light, specimen current, and transmitted electrons.
Secondary electron detectors are common to all SEMs. Secondary electrons are
produced on the specimen surface and are detected by a suitable detector. The
amplitude of the secondary electron signal varies with time according to the
topography of the specimen surface. Then, the signal is amplified and used to display
the corresponding specimen surface information. Secondary electron imaging can
produce very high resolution images revealing details less than 1 nm in size. Energydispersive X-ray spectroscopy (EDS) is one of the variants of X-ray fluorescence
spectroscopy for the elemental analysis or chemical characterization of a sample.
Because each element has a unique atomic structure and can be identified from other
elements by X-rays, the EDS technique analyzes this information from X-rays
emitted from a specimen as it is hit by electrons. In this work, SEM (JEOL JSM
6460A), field-emission SEM (FE-SEM, JEOL 7500), and the EDS systems supplied
with the microscopes were used.
3.4.4

Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopic surface analysis
technique to identify the atomic structure of a material. By exposure of an ultra-thin
specimen to a high energy electron beam (e-beam), the internal structure of the
specimen can be imaged from the collected transmitted electrons after the interaction
with the specimen. TEM is capable of imaging at a significantly high resolution,
owing to the small de Broglie wavelength of electrons. Selected area electron
diffraction (SAED) can also be performed inside a transmission electron microscope,
revealing crystallographic information on the samples. In this technique, atoms in a
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specimen act as a diffraction grating to the high-energy electrons from the electron
gun. According to the crystal structure of the sample, some fraction of the electrons
are scattered to particular angles while others pass directly through the sample. As a
result, there will be a series of spots on the image, and each spot corresponds to a
satisfied diffraction condition of the sample’s crystal structure. In this work, TEM
images were collected using a JEOL 2011 200 keV transmission electron
microscope.
3.4.5

Surface area measurements

Based on the Langmuir theory with the hypothesis of monolayer gas adsorption on
solid surfaces, the Brunauer-Emmett-Teller (BET) theory extended the Langmuir
theory to absorption of multilayer gas molecules, and the BET theory was developed
as an important analysis technique for the measurement of the specific surface area
of a material. The BET equation is described as:

1
1
C −1  P 
=
 +
W [( P0 P ) − 1] WmC  P0  WmC

(3.6)

in which W is the weight of gas absorbed at a relative pressure P P0 and Wm is the
weight of adsorbate constituting a monolayer of surface coverage. C is the BET
constant. In plotting 1 W [( P0 P ) − 1] as a function of P P0 within the range
of 0.05 < P P0 < 0.35 , the function maintains linearity. Wm can be obtained from the
slope and the intercept. The specific surface area ( S BET ) is expressed as:

S BET =

Wm Ns
aV

(3.7)
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Where N is Avogadro’s number, s is the adsorption cross section of the adsorbing
species, V is the molar volume of the adsorbate gas and a is the mass of adsorbent. In
this study, the BET measurements were conducted on a Quantachrome Nova 1000
nitrogen gas analyser through the 15-points mode at 77 K.
3.4.6

Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a weight analysis technique to determine the
material weight changes in relation to temperature changes. In this study, TGA was
applied to determine the carbon content in metal oxide/carbon electrode composites.
This involves heating samples to high temperature (up to 800 oC) in air atmosphere.
Carbon contents were calculated based on the weight difference, as the weight loss
corresponds to the burn-off of carbon.
3.5
3.5.1

Electrode Preparation and Cell Assembly

Electrode preparation

The working electrodes for lithium battery tests were prepared by mixing as-prepared
nanocomposite materials with 30-40 wt.% acetylene black (AB) and 10 wt.%
polyvinylidene fluoride (PVDF) or sodium carboxymethyl cellulose (CMC) in a
solvent, consisting of either N-methyl-2-pyrrolidone (99.5%, Aldrich) or water,
respectively. The slurry was uniformly pasted onto pieces of Cu (anode) or Al
(cathode) foil with an area of 1 cm2. Such prepared electrode sheets were dried at
around 120 - 90 °C in a vacuum oven overnight. The electrode was pressed under a
pressure of approximately 3000 kg cm-2 for 10 s to enhance the contact between the
electrochemically active material and the conductive carbon black, or used without
pressing, depending on the materials. All measurements were performed using
metallic lithium as the counter electrode because the potential of metallic lithium is
nearly constant at moderate or low current densities. The counter electrode also acts
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as the reference electrode. These working electrodes were used for electrochemical
cell assemblies for further electrochemical testing.
For MoS2 thin film anode, the samples were prepared by a wet transformation
process. The exfoliated MoS2 or the mixtures consisting of MoS2 and SWCNTs in
dispersion were filtered through nitrocellulose membrane (0.022 μm pore size) under
vacuum, and a film of the material was formed on the filter. The deposited films
were washed with de-ionised (DI) water followed by a wet transfer to a Cu substrate.
The film was dried on the membrane under vacuum. The films of MoS2 or MoS2SWCNTs with the membrane were wetted with isopropanol (IPA) and pressed
against the Cu foil, which was supported on a glass plate. The films were then
exposed to acetone vapour until the nitrocellulose membrane was rendered
transparent, followed by soaking in acetone baths to remove the nitrocellulose
membrane. The MoS2 or hybrid films of MoS2-SWCNTs with the Cu foil electrode
were dried in vacuum oven.
3.5.2

Test cell assembly

The electrochemical cells (CR2032 coin type cell) contained active materials on Cu
or Al foil as the working electrode, Li foil as the counter electrode and reference
electrode, a porous polypropylene film as separator, and 1 M LiPF6 in a 50:50 (v/v)
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC), or l M lithium
bis(trifluoromethanesulfonyl)mide in poly (ethylene glycol) dimethyl ether
(PEGDME 500) as the electrolyte. The cells were assembled in an Ar-filled glove
box (Mbraun, Unilab, Germany) with O2 and H2O levels less than 1 ppm. The
specific capacity has been calculated based on the mass of active materials in the
electrode. The coin cell component stacking sequence is shown in Figure 3.3.
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Figure 3.3 Component stacking sequence in a coin cell.
3.6

Electrochemical Characterization

Electrochemical measurements, including cyclic voltammetry, charge-discharge
testing, and electrochemical impedance spectroscopy, were used to characterize the
performance of the electrodes in a lithium-ion battery system. When an
electrochemical system is subjected to the passage of current between the two
electrodes, it is out of equilibrium. Usually, we are interested in investigating the
electrode process of one electrode, which is the working electrode. The other
electrode, the counter electrode, is used to complete the external circuit. Occasionally
a third electrode is employed, the reference electrode. When this is the case, the
electrode potential is monitored with respect to the reference electrode.
3.6.1

Cyclic voltammetry

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical
measurement, in which a voltage is applied to a working electrode and current
flowing at the working electrode is plotted versus the applied voltage to give a cyclic
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voltammogram. Cyclic voltammetry can be used for characterization and
mechanistic studies of redox reactions at electrodes in electrochemical cells. It is
often employed as the first method to characterize new systems. The cell is cycled in
a potential window, where the potential applied on the working electrode is
continuously changed at a constant rate. Essentially, the potential is swept through
the potential range where an electrode reaction occurs before the direction of scan is
reversed, in order to define whether (a) the product of electron transfer is stable, or
(b) whether reaction intermediates or the final products are electroactive. The change
in potential as a function of time is called the scan rate. By measuring the current
change over a whole cycle (cathodic and anodic scans), one can tell that an
electrochemical reaction takes place, as it is associated with the observation of a
current peak. The CV measurements were conducted via either an Ametek
PARSTAT 2273 electrochemistry workstation, or a Biologic VMP-3 Multichannel
electrochemistry workstation, or a CHI 660 electrochemical workstation (CH
Instruments, Cordova, TN) in ISEM.
3.6.2

Galvanostatic cycling measurements

In a galvanostatic measurement, a constant current is applied between the working
and counter electrodes. The current is applied until the set upper or lower potential
limits are reached. For a working electrode, a negative current would cause reduction
and a positive current oxidation. The examination of the variation of potential with
time is also called chronopotentiometry. This method has an important advantage
over cyclic voltammetry, because the current or current density is kept constant, so
the electrode process is investigated under real battery working conditions.
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The cells were galvanostatically charged and discharged at constant current density
via a Neware battery tester (China) or a Land battery tester (Wuhan Land Electronic
Co. Ltd.) in ISEM at room temperature.
3.6.3

Electrochemical impedance spectroscopy (EIS)

AC impedance spectroscopy is a powerful technique to determine the kinetic
parameters of the electrode process, including those in the electrolyte, passivation
layers, charge transfer, and Li+ diffusion. Charge-transfer resistance (Rct) is one of
the most important parameters for quantitatively characterizing the speed of an
electrode reaction. Normally, a large charge-transfer resistance indicates a slow
electrochemical reaction. The Rct can be calculated from electrochemical impedance
spectroscopy (EIS), with its value equal to the diameter of the compressed semicircle
in the medium-frequency region, as shown in Figure 3.4. Typically, the impedance
curves of a lithium-ion battery show one compressed semicircle in the mediumfrequency region, which could be assigned to the charge-transfer resistance, and an
inclined line at approximately 45° in the low frequency range, which could be
considered as Warburg impedance. The ac impedance spectroscopy measurements
were carried out at ISEM using either an Ametek PARSTAT 2273 electrochemistry
workstation, or a Biologic VMP-3 Multichannel electrochemistry workstation, or a
CHI 660 electrochemical workstation (CH Instruments, Cordova, TN) in ISEM.
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Figure 3.4 Typical electrochemical impedance spectroscopy (EIS) curve of lithium-ion
battery system.
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CHAPTER 4 ENHANCED CYCLING PERFORMANCE OF
NANOCRYSTALLINE Fe3O4/C AS ANODE MATERIAL FOR LITHIUMION BATTERIES
4.1

Introduction

Recently, Fe3O4 has been extensively studied as electrode for the lithium-ion battery
owing to its low cost, environmental benignity, and high electronic conductivity. [98100] Although Fe3O4 has a high storage capacity by the lithium conversion reaction,
it suffers from poor cycling performance as anode material.[101,102] Due to the
volume change, the integrity of the electrode cannot be maintained over several
discharge/charge cycles. The aggregation of particles leads to significant reduction in
active surface area, and thus to rapid and significant capacity fading. Although
nanostructured material can partly solve the problem, the high surface area of
nanostructured electrode material has a higher risk of secondary reaction involving
electrolyte decomposition between the electrode and electrolyte. Carbon coating is
one of the most suitable solutions to overcome the secondary reaction and improve
the performance of electrode materials. Electrode materials coated with
carbon/conducting polymers not only show significantly increased electronic
conductivity, but also stabilized solid electrolyte interphase (SEI) films. [103-112]
Carbon materials also can serve as dilutants, preventing aggregation of nanoparticles
in the electrode, and as an efficient matrix to reduce large volume change during
cycling. [113-115]
In this chapter, nano-crystalline Fe3O4 were synthesised by the sol-gel method with
in situ carbon coating. The advantage of the sol-gel method is that it produces
particles with good morphology and uniform size. Carbon coating on
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Fe3O4nanoparticles can be formed in situ by sol-gel methods using suitable precursor
materials and/or solvents. [116] As a protective polymer, polyvinyl acetate (PVA)
plays an important role in controlling the particle size distribution, [117-120] and can
be coated on Fe3O4 nanoparticles as a carbon source to maintain the electronic
conduction, prevent aggregation, and accommodate the volume variation. PVA has
been chosen as the carbon source and surfactant during the synthesis of
Fe3O4nanoparticles by the sol-gel method. The physical and electrochemical
characterizations were carried out on the synthesized Fe3O4/C composite and bare
Fe3O4.
4.2
4.2.1

Experimental
Materials Synthesis

The Fe3O4/C composite was prepared by the sol-gel method. The precursors, 0.025
mol Fe(NO3)3·9H2O (98+%) mixed with 10wt% PVA, were dissolved in 50 mL of
2-methoxyethanol (40 ml) and acetic acid (10 ml) solution, and the solution were
stirred at room temperature for 10 h. The solution was dried at 100oC in a vacuum
oven. The powder was ground in an agate mortar and annealed, first at 300oC for 10
h and then at 500oC under argon atmosphere for 10 h. Pure Fe3O4 powder was
prepared using the same method without PVA.
4.2.2

Physical Measurements

The morphologies of the reaction products were investigated by X-ray diffraction
(XRD) using Cu Kα radiation; scanning electron microscopy (SEM; JEOL JSM6460A, 30 kV, equipped with energy-dispersive X-ray spectroscopy (EDS)), and
field-emission SEM (FESEM; JEOL 7500, 15 kV). Thermogravimetric analysis
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(TGA) was performed in air to determine the changes in sample weight with
increasing temperature and to estimate the amount of carbon.
4.2.3

Electrochemical Measurements

The electrochemical characterizations were carried out using CR2032 coin cells.
Fe3O4/C composite and Fe3O4 electrodes were prepared by dispersing 70% active
materials, 20% acetylene carbon black, and 10% carboxymethyl cellulose (CMC)
binder in distilled water to form homogeneous slurry. The slurry was spread onto
pieces of copper foil. The electrodes were dried at 100oC in a vacuum oven overnight
and then pressed to enhance the contact between the active materials and the
conductive carbon. Fe3O4/C composite electrode or Fe3O4 electrode was used as the
cathode and lithium foil as the counter and reference electrode. The CR2032 coin
type cells were assembled in an argon filled (with O2 and H2O levels of less than 0.1
ppm) glove box (Mbraun, Unilab, Germany). The electrolyte was 1 M LiPF6 (battery
grade, 99.99%, Sigma Aldrich) in a 1:2 (v/v) mixture of ethylene carbonate
(anhydrous 99%, Sigma-Aldrich) and diethyl carbonate (anhydrous 99%, SigmaAldrich). Electrochemical impedance spectroscopy (EIS) was carried out on a CHI
660C electrochemical workstation systemic the excitation voltage of 5 mV within the
frequency range of 100 kHz - 10 MHz. The cells were galvanostatically discharged
and charged at a current density of 100 mA g-1 in the range of 0.01-3.0 V vs. Li/Li+
via a Land battery tester.
4.3
4.3.1

Results and discussion
Structural and compositional characterizations

Figure4.1 displays the XRD pattern of the powder samples. The diffraction peaks
show excellent correspondence to the standard crystallographic data (JCPDS-No 8880

0315). Impurity phases were not found.

The crystal structure of two samples

matches the standard magnetite FD-3m space group. The crystallite size of Fe3O4/C
and Fe3O4 is 32.74 nm and 21.83 nm, respectively. The crystallite sizes of samples
were calculated using the Scherrer equation on the (311) peak of the XRD data.

Figure 4.1 X-ray diffraction patterns of Fe3O4 and Fe3O4/C.
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Figure 4.2 FESEM images of Fe3O4 (a) and Fe3O4/C (b).
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Figure 4.3 EDS mapping for Fe3O4.
FE-SEM images of Fe3O4 and Fe3O4/C composite are shown in Figure 4.2(a) and (b)
respectively. The two samples are all nanosize, but the particle sizes of Fe3O4/C are
smaller than for pure Fe3O4. Xu et al. [117] proposed a mechanism for nanoparticles
formation in the presence of PVA: on addition of ferric nitrate to a PVA solution, a
chelating reaction occurs between iron ions and hydroxyl groups in the polymer, so
that PVA molecules hinder aggregation of Fe3O4 particles. Therefore, the Fe3O4/C
nanocomposite has smaller particle size compared with pure Fe3O4.
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Figure 4.4 TGA curves of PVA, pure Fe3O4 and Fe3O4/C composites.
Figure4.4 shows that thermogravimetric was performance with a heating rate of
10oC/m from 25oC to 500oC in air and revealed that PVA as a carbon precursor had
been carbonized during the annealing process and that the proportion of carbon in the
composite sample was 4.87%. As can be observed from Figure 4.3, the EDS
mapping of Fe3O4/C composite powder, which was mounted on copper tape to
distinguish the carbon source, indicated that the carbon was distributed evenly on the
Fe3O4 particles.
4.3.2

Electrochemical performance
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Figure 4.5 Charge/discharge profiles of electrodes at 1st, 2nd, 5th, and 90th cycles for
bare Fe3O4 and Fe3O4/C.
The capacity and cyclability were tested in the half-cell configuration with the Fe3O4
or Fe3O4/C as the working electrode versus Li-metal at the current density of 100 mA
g-1 in the voltage range of 0.01-3.0 V, respectively. Figure 4.5 presents the
charge/discharge profiles of these two electrodes at the 1st, 2nd, 5th, and 90th cycles.
During the first cycle, the voltage plateaus of both samples show a similar profile,
with a long plateau at about 0.75 V in the discharge process and a plateau at about
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1.6 V in the charge process. The voltage plateaus measured here are close to what is
described in the literature for Fe3O4 anodes. [98,99] In fact, the discharge profiles
above 0.75 V can be divided into two segments, i.e. a sloping part from about 2.0 to
0.75 V, and a plateau at 0.75 V. The former can be attributed to the reaction Fe3O4 +
xLi → LixFe3O4.The latter corresponds to the conversion reaction LixFe3O4 +
(8−x)Li → 3Fe + 4Li2O8. [103] The first discharge capacities were 1323.4 mAh g-1
and 885.1 mAh g-1 for the Fe3O4/C nanocomposite and Fe3O4, respectively, with
corresponding first charge capacities of 770.49 mAh g-1 and 935.45 mAh g-1as can be
seen in Figure 4.5. Therefore, the initial columbic efficiencies were 87% and 71% for
the Fe3O4/C nanocomposite and the Fe3O4, respectively. The initial columbic
efficiency for the Fe3O4/C nanoparticles electrode is higher than for Fe3O4, showing
a significant decrease in the irreversible capacity. The irreversible capacity decreases
due to the presence of the conducting carbon matrix, which serves as a perfect barrier
to protect the electrode material, as well as to restrain the formation/decomposition
of the SEI film. [106] During the subsequent cycles of the two cells, both the charge
and the discharge voltage plateaus rise. This is ascribed to polarization of the
electrode materials in the first cycle. [121]
Cycling performances of the Fe3O4 and Fe3O4/C electrodes are shown in Figure 4.6.
The cell containing the Fe3O4/C nanocomposite electrode demonstrates excellent
recharge capacity retention, while the capacity of the cell made from Fe3O4 electrode
quickly fades. After 30 cycles, the discharge capacity of the Fe3O4 electrode has
rapidly dropped to 490 mAh g-1, while that of the Fe3O4/C nanocomposite electrode
is maintained at 717 mAh g-1, with the discharge capacity remaining stable during
further cycling. It is supposed that the improvement in electrochemical performance
should be attributed to the carbon coating. The carbon serves not only as a diluting
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agent to prevent Fe3O4 particles from aggregating, but also as an efficient conducting
matrix to maintain the structural integrity of the composite electrode during the
charge-discharge processes. [112] In addition, it should be noted that the discharge
capacity of the Fe3O4/C nanocomposite electrode gradually increases from the 3rd to
10thcycle. The increasing capacity is likely due to the processes of activation and
stabilization of electrode materials. [122]

Figure 4.6 Electrochemical cycling performance of Fe3O4 and Fe3O4/C at current
density of 100 mA g-1. Calculated based on Fe3O4 or Fe3O4/C.
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Figure 4.7 SEM images of electrodes: (a) fresh Fe3O4 electrode, (b) fresh Fe3O4/C
electrode; after cycling: (c) Fe3O4 electrode, (d) Fe3O4/C electrode.
The effectiveness of carbon coating for maintaining the mechanical integrity of
electrodes is proved by the SEM images of the fresh and cycled Fe3O4 and Fe3O4/C
electrodes in Figure 4.7. They show that the fresh Fe3O4 and Fe3O4/C electrodes both
have uniform morphology, while after cycling; the two electrodes exhibit completely
different morphology. Compared with the agglomerated and cracked Fe3O4 electrode
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after cycling, the appearance of the Fe3O4/C nanocomposite was maintained well
after cycling. Therefore, it is proposed that the presence of the carbon matrix
provides an effective cushion for the volume change and maintains the mechanical
integrity of the electrode. This effect occurs because any change in the Fe3O4
nanoparticles is restricted by the coating carbon. Therefore, the stress that arises
during the process of lithium insertion and extraction is avoided.

Figure 4.8 AC impedance spectra collected in the frequency range between 100 kHz
and 10 mHz after 40 cycles.
EIS was used to elucidate the nature of the cyclability improvement demonstrated in
the Fe3O4/C nanocomposite. Nyquist plots obtained in the frequency range from 100
kHz to 10 MHz for fully charged cells made from Fe3O4 nanoparticles and Fe3O4/C
nanocomposite electrodes after 40 cycles are compared in Figure 4.8. At high
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frequencies, the impedance response exhibits a semicircular loop. The diameter of
this semicircle represents the charge-transfer resistance, which is a measure of the
charge-transfer kinetics. The results show that the diameter of the semicircle for the
Fe3O4/C nanocomposite cell is smaller than for the Fe3O4 nanoparticles cell. This
indicates that the charge-transfer resistance was suppressed by the addition of carbon,
which provides a highly conductive network for electron transfer during the lithiation
and de-lithiation processes, resulting in better cycling performance of the
nanocomposite cell during the charge-discharge process.
4.4

Summary

Using PVA as the carbon source and dispersant, nanocrystalline Fe3O4/C composite
powder was prepared by a simple sol-gel method. The single crystal phase of the
powder was confirmed by XRD. The EDS mapping images show that carbon was
uniformly distributed on the Fe3O4 particles. The Fe3O4/C nanocomposite electrode
exhibits high initial columbic efficiency (87%) and outstanding cycling performance
(775.3 mAhg-1 after 90 cycles at a current density of 100mA g-1). The results show
that the carbon content of Fe3O4/C composite is of importance in connection with the
electrochemical properties, e.g., conductivity. Therefore, the carbon coating on Fe3O4
nanoparticles can effectively improve the electrochemical performance of
nanostructured transition metal oxides.
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CHAPTER 5 HIGH CAPACITY AND HIGH RATE CAPABILITY OF
NANOSTRUCTURED CuFeO2 ANODE MATERIALS FOR LITHIUMION BATTERIES
5.1

Introduction

Rechargeable Li batteries offer the highest energy density of any battery technology,
and they power most of today’s portable electronics. One of the most attractive
applications for lithium batteries is to power electric vehicles (EV) and hybrid
electric vehicles (HEVs). However, for EV/HEV applications, the rechargeable
battery requires high energy density, high power, and high rate capability. The
current techniques for producing rechargeable lithium batteries have difficulty in
satisfying all these requirements. In the last decade, great efforts have been devoted
to the development of various new electrode materials to meet the requirements for
large batteries. [123-125]
Nanostructured transition metal oxides are attractive materials as prospective anodes
to replace graphite in lithium-ion batteries (LIBs) due to the high reversible
capacities. [122,126] Nanostructured binary transition metal oxides, such as Co3O4,
NiO and Cu2O have been extensively studied. [127-130] They demonstrate high
theoretical capacities, but have poor cycle life due to large volume expansion and
contraction during the Li+ insertion and extraction reactions.[131] Recently,
nanostructured ternary transition metal oxides have been explored as anode materials
to improve cyclability [132-135] Chowdari’s group has reported that galvanostatic
cycling of CuCo2O4 at 60 mA g-1 in the voltage range of 0.005-3.0 V versus Li metal
exhibits only a small capacity fading of 2 mAh g-1 per cycle for up to 50 cycles.
[131] Compared with CuCo2O4, CuFeO2 is more desirable for use as anode material,
as it is much cheaper and non-toxic. CuFeO2 is one of the stable compositions in the
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Cu-Fe-O ternary system, and was historically the first known compound exhibiting
the so-called delafossite structure. [136-138] Analogous to CuCo2O4, [131] the
reaction of the nanostructure CuFeO2 with Li can be represented by Eqs. (5.1) –
(5.3). The reversible capacity can be expected to correspond to 4 mol of Li per mole
of CuFeO2 (Eqs. (5.2), (5.3)).
CuFeO2 + 4Li+ + 4e-→ Cu + Fe + 2Li2O

(5.1)

2Cu + Li2O ↔ Cu2O + 2Li+ + 2e-

(5.2)

2Fe +3Li2O ↔ Fe2O3+ 6Li+ + 6e-

(5.3)

Sukeshini’s group has reported that lithium can intercalate into CuFeO2 at a voltage
of about 1 V vs. Li/Li+. [133] However, the cyclability and high rate capability of
CuFeO2 anode materials for lithium-ion batteries have never been investigated.
Therefore, in this chapter nanostructured CuFeO2 was synthesised using a simple solgel method. This technique does not require any high cost precursors and produces
powders with particle sizes less than 1 μm. The cycle life and the high rate capability
of nanostructured CuFeO2 have been studied in detail for the first time.
5.2

Experimental

Nanostructured CuFeO2 powders were prepared by the sol-gel method at different
temperatures. All the precursors were obtained from SIGMA-ALDRICH and directly
used as received. 0.025 M Cu(NO3)2·2.5H2O (99.99%) and 0.025 M Fe(NO3)3·9H2O
(98+%) were dissolved in 40 ml ethylene glycol and stirred at room temperature for
more than 10 h in order to achieve a well-mixed solution. Then, the solution was
dried to a powder at 65 oC in a vacuum oven. The powder was ground in an agate
mortar and baked at 300oC under argon atmosphere for 10 h to expel the organics.
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Finally, the baked powder was crystallized at temperatures in the range of 650 oC 850 oC under argon atmosphere for 10 h. The structural and morphological properties
of the derived samples were investigated by X-ray diffraction (XRD) with Cu Kα
radiation and field-emission scanning electron microscopy (FESEM; JEOL 7500 at 5
kV).
The electrochemical characterizations were carried out using 2032 coin cells. The
electrodes were prepared by dispersing 70 wt. % CuFeO2 as the active material, 20
wt. % acetylene carbon black, and 10 wt. % CMC binder in distilled water to form
homogeneous slurry. The slurry was spread onto pieces of copper foil. The
electrodes were dried at 100oC in a vacuum oven overnight and then pressed to
enhance the contact between the active material and the conductive carbon. The cells
were assembled using lithium metal foil as the counter electrode in an argon-filled
glove box. The electrolyte solution was 1 M LiPF6 in ethylene carbonate: diethyl
carbonate (EC: DEC) at 1:2 v/v. Constant-current charge-discharge tests were
performed in the range of 3.00-0.01 V vs. Li/Li+ using a Land battery tester at
different current densities. Cyclic voltammetry (CV) was carried out using a CHI
660C electrochemical workstation between 0.01 V and 3.0 V at a scanning rate of 0.1
mV s-1.
5.3
5.3.1

Results and Discussion
Structural and Morphological Characterization
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Figure 5.1 X-ray diffraction patterns of CuFeO2 powders prepared at different
temperatures.
The XRD patterns of the CuFeO2 samples are shown in Figure5.1. The characteristic
peaks of all CuFeO2 samples correspond well with standard crystallographic data
(JCPDS-No 00-039-0246). The crystal structure belongs to the space group R3m
with a = 3.0347 Å, c =17.162 Å in the hexagonal description. The structure consists
of hexagonal layers of Cu, O, and Fe with a stacking sequence of A-B-C along the caxis to form a layered triangular lattice antiferromagnet, where the triangular lattices
of magnetic Fe3+ are separated by non-magnetic ion layers of Cu+ and O2-. [137] The
average crystallite size of the CuFeO2 powders was determined by using Traces
software and the Scherrer formula. The crystallite sizes are 38, 48, and 54 nm for the
samples prepared at 650 oC, 750oC, and 850oC, respectively.
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The particle sizes and morphologies of the samples synthesised at three temperatures,
as revealed by FESEM images, are shown in Figure5.2. The sizes of the particles are
in range of 100 nm - 300 nm, 300 nm - 500 nm, and 800 nm - 1000 nm for the 650
o

C, 750 oC, and 850 oC samples, respectively. The particle sizes obviously became

larger with increasing temperature. It can be clearly observed that all samples consist
of particles with fairly narrow size distributions and cubic morphologies.

(a)
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Figure 5.2 FE-SEM images of CuFeO2 powders: (a) 650oC, (b) 750oC and (c)
850oC.
5.3.2

Cyclic voltammetry and reaction mechanism

It has been reported that the transition metal oxides are electrochemically inactive in
bulk form, but they have electrochemical activity in nanoscale form because the
mechanism of Li reactivity differs from classical Li insertion/extraction or Li(c)
(b)
alloying process. [139,140] Therefore, nanostructured CuFeO2 was synthesised in
this study. The electrochemical properties were investigated to confirm the reactivity
of CuFeO2 in the lithium cell.
In order to investigate the electrochemical properties of the CuFeO2 materials as
anode for lithium-ion batteries, cyclic voltammetry (CV) and charge/discharge
testing were used for the measurement of the batteries. Figure5.3 shows the CV
curves of an electrode containing CuFeO2 powder prepared at 650 oC. The CV of the
first discharge reaction has a broad peak at 0.79 V with an onset at 1.25 V. The peak
in the first discharge cycle is attributable to decomposition of the CuFeO2 structure
and formation of Cu and Fe nanoparticles in an amorphous matrix of Li2O (Eq.
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(5.1)), as well as to formation of the solid electrolyte interphase (SEI). [141,142]The
first discharge reaction is an irreversible process that destroys the structure. One
broad peak around 1.4 V − 2.2 V in the charge cycle can be assigned to the oxidation
of both the Cu and the Fe metal nanoparticles to their respective metal oxides of
Cu2O and Fe2O3 (forward reactions of Eqs. (5.2), and (5.3)), as well as to the
decomposition of the SEI. [129,140,141]

Figure 5.3 Cyclic voltammetry of CuFeO2 electrode with the powders prepared at
650oC.
The second and subsequent discharge sweeps are characterised by two cathodic
peaks at 0.95 V and 1.3 V, are attributed to the reduction of Cu2O, Fe2O3, Li+ and the
formation of the SEI. [129,140,141] The relatively higher voltage of 0.95 V in
comparison to the 0.79 V observed in the first discharge CV curve indicates that the
reaction mechanism with Li differs from the first discharge reaction and represents
the formation of Cu and Fe from the respective oxides, Cu2O and Fe2O3, according to
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the backward reactions of Eqs. (5.2) – (5.3). There is an anodic peak at 1.7 V with a
shoulder in the range of 1.85−1.95 V in the second and subsequent charge sweeps.
The anodic peak with shoulder corresponds to the reversible oxidation of Fe0, Cu0,
and Li2O to produce Fe2O3, Cu2O, and Li+ ions. [141,142] From the second cycle
onward, the reversible reaction takes place as given by Eqs. (5.2) and (5.3).
5.3.3

Galvanostatic cycling

Charge-discharge cycling was performed in the half-cell configuration with CuFeO2
as cathode versus Li-metal in the voltage range of 0.01-3.0 V at a current density of
100 mA g-1.

Figure5.4 presents the discharge-charge curves for the CuFeO2

electrode prepared at 650 oC. The first discharge profile indicates that the working
voltage falls rapidly from the open potential to 1.15 V, and then a long voltage
plateau in the range of 1.15 V - 0.75 V is followed by a sloping curve to the cut-off
voltage of 0.01 V，which is consistent with the CV of the first discharge curve.
CuFeO2 is decomposed to electrochemically active Cu and Fe, while Li2O is also
formed in this process (Eq. (5.1)). The overall first discharge capacity is about 935
mAh g-1, which is higher than the theoretical first discharge capacity of 708 mAh g-1.
The extra capacity results from the formation of the SEI at the electrode/electrolyte
interface during the first discharge process. [126] The first charge profile shows a
smoothly varying curve followed by a plateau at 1.7 V. The nanoparticles of Cu and
Fe undergo an oxidation reaction, which converts them to Cu2O and Fe2O3 during
this process, according to the forward reactions of Eqs (5.2) and (5.3). The overall
first charge capacity is 718 mAh g-1, which is 23% lower than the first discharge
capacity, a discrepancy which is attributed to the incomplete decomposition of Li2O
and the SEI. [143]
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Figure 5.4 Typical charge-discharge curves of CuFeO2 electrode with the powders
prepared at 650oC.
The second discharge profile is different from that of the first discharge, indicating
the different reaction mechanism, which also corresponds well with the CV studies.
The second discharge curve is smooth, with a slightly higher voltage plateau at 1.1
V, followed by a sloping curve to 0.01 V. The metal oxides, Cu2O and Fe2O3, react
with Li+ and are converted to nanosize Cu and Fe particles (Eqs. (5.2) and (5.3)). The
overall second discharge capacity is 704 mAh g-1, which is very close to the first
charge capacity (718 mAh g-1) and the theoretical discharge capacity of 708 mAh g-1.
This shows that the electrochemical reaction is almost completely reversible.
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The voltage profiles of other selected cycles are also shown in Figure 5.4. These
voltage profiles are similar to the second cycle profile, which indicates good lithium
recyclability after the first cycle. The gradually decreasing spread of the voltage
profiles reveals the continuous capacity fading upon cycling. The voltage plateau
indicates that the formation of Cu and Fe metal particles occurs at 1.1 V, while the
distribution of the charge capacity is over the whole charge cycle with an average
charge potential of 1.7 V. This indirectly suggests that the average reaction voltages
involving Cu and Fe are almost the same, due to the metal-ion and Li2O matrix
effects. [131]

Figure 5.5 Cycling performances of CuFeO2 electrodes with the powders prepared at
650oC, 750oC and 850oC, respectively.
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Figure 5.5 displays the cycling performances of the CuFeO2 electrodes synthesised at
different temperatures, 650 oC, 750 oC, and 850 oC. The particle sizes are 100 nm 300 nm, 300 nm - 500 nm, and 800 nm - 1000 nm for the samples prepared at 650 oC,
750 oC, and 850 oC, respectively. All samples exhibited large reversible capacities
during the initial 5 cycles, and then the capacities gradually decreased. The first
discharge capacities are 935 mAh g-1, 992 mAh g-1, and 1007 mAh g-1 for the
CuFeO2 electrodes prepared at 650

o

C, 750

o

C, and 850

o

C, respectively.

Subsequently, the discharge capacities beyond 100 cycles were maintained at 475,
353, and 300 mAh g-1, and the capacity retention compared to the second cycle
capacity was 67.5%, 52%, and 46.6%, for the CuFeO2 electrodes prepared at 650 oC,
750 oC, and 850 °C, respectively. The results revealed that the capacities are
increased when the particle sizes are reduced. The sample with smallest particle size,
which was prepared at 650 oC, showed the best capacity retention. The good
electrochemical performances of the sample with the smallest particle size may be
due to the following reasons:
(1) The proportion of the total number of atoms that lie near or on the surface is
increased when the particle size is reduced. Therefore, the available electroactive
surface area is increased, resulting in enhanced electrochemical reactivity. [122,144]
(2) Small particles can more easily accommodate the structural strains due to the lithium
insertion than large ones, resulting in excellent capacity retention. [145]
5.3.4

Rate capability

For the application of lithium-ion batteries to hybrid electric vehicles, good rate
capability is necessary for the electrode materials. The observed high and stable
capacity of CuFeO2 samples encouraged a study of the rate capability using various
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current densities at ambient temperature. The rate capability test was conducted on
the powder prepared at 650 oC. The specific current was increased in several steps
after every 20 cycles from 0.5C to 4C. Figure 5.6 shows the discharge capacity under
different current densities in the range from 0.5C − 4C (1C = 708 mA g-1). After the
current density was increased in a stepwise fashion, it was then decreased in two
steps at 0.5C and 0.25C. The capacity values decrease with increasing current rate, as
can be expected. At the high rate of 4C (discharge/charge of all active materials
within 15 min, i.e., 2832 mA g-1), the reversible capacity of CuFeO2 is around 170
mAh g-1. The results are quite acceptable in comparison with other high performance
nanostructured anode materials. [146] When the current rate was decreased from 4C
to 0.5C, the capacity increased to 405 mAh g-1, and the recovery was 77% of the
value at 0.5C. When the current rate was further decreased to 0.25C, the capacity
reached 506 mAh g-1, which is equal to the retained capacity for the same CuFeO2
electrode when cycled at 0.14C (100 mA g-1) over 55 cycles, as shown in Figure 5.5.
The results showed that CuFeO2 exhibits good rate-dependent behaviour and quite
stable capacity at each current density.
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Figure 5.6 Capacity vs. cycle number plot at various current rates of nanocrystalline
CuFeO2 electrodes. The C values corresponding to different current rates are
indicated, assuming 1C= 800 mA g−1
5.4

Summary

CuFeO2 powders were prepared by the simple sol-gel method at different
temperatures (650 oC, 750 oC, and 850 oC). FESEM images showed higher synthesis
temperatures yielding relatively larger particle sizes. The particle size has a
significant effect on the electrochemical performance. The sample prepared at 650oC
exhibited the highest capacity retention of 67.5% of the second cycle value up to the
100th cycle at 100 mA g-1, and also showed an acceptable result at the high rate of 4
C. The results confirmed that the nanostructured ternary transition metal oxide
CuFeO2 is

a

promising

anode

material

104

for

the

lithium-ion

batteries.

CHAPTER 6 THE COMPATIBILITY OF TRANSITION METAL
OXIDE/CARBON COMPOSITE ANODE AND IONIC LIQUID
ELECTROLYTE FOR THE LITHIUM-ION BATTERY
6.1

Introduction

Rechargeable lithium-ion batteries currently dominate the power supply market for
portable electronic devices. [147] The current lithium-ion batteries need to be further
improved in both energy density and safety aspects to maintain their leading battery
position. [148] Transition metal oxides (such as Fe2O3, NiO and CuO) have been
investigated as anode materials for lithium-ion batteries because they show almost
double the energy density of the graphite-based materials which are currently
available as commercial anode materials. [149-152] Carbon composites containing
the transition metal oxides have also been reported with improved cycling stability
and enhanced high rate capability. [153-161] Furthermore, a new reported binder
(sodium carboxymethyl cellulose, CMC) greatly enhances the cycling stability of
transition metal oxide anodes. [153,159-163]However, the commercially available
electrolytes typically are flammable organic solvents, which present significant
safety issues. Room temperature ionic liquids (RTILs), on the other hand are, in
some cases, flame resistant, non-volatile and electrochemically stable, giving them
potential as safe electrolytes in lithium ion battery systems. [164] Recently, Ishikawa
et al. [165] reported using RTILs containing bis(fluorosulfonyl)imide (FSI) as an
anion, which can provide near theoretical reversible capacity for graphite-based
negative electrode during repeated cycling, without any additives. Hassoun et al. [166]
reported that Sn–C alloy can form a much more stable surface-protecting film than
lithium metal in a RTIL based on N–n-butyl-N-ethyl pyrrolidinium (Py24) cation.
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However, there is still no report on using ionic liquid with transition metal oxide
anode materials. In this chapter, two types of RTILs were used as electrolyte for
three types of transition metal oxide/carbon composites. The RTILs used are 1-ethyl3-methyl-imidazolium

bis(fluorosulfonlyl)imide

(EMI-FSI)

and

1-methyl-1

propylpyrrolidiniumbis(fluorosulfonyl) imide (Py13-FSI).
6.2

Experimental

Fe2O3/C, NiO/C and CuO/Cu2O/C composites were prepared via spray pyrolysis.
The details can be found elsewhere. [153,156,159] The morphology and
microstructure of the as-prepared Fe2O3/C, NiO/C and CuO/Cu2O/C composites
were characterized by X-ray diffraction (XRD; GBC MMA 017), scanning electron
microscopy (SEM; JEOL JSM-7500FA) and thermogravimetric analysis (TGA;
Mettler TGA/DSC). Electrochemical measurements, including charge–discharge
measurements and cyclic voltammetry (CV), were obtained using a Land battery test
system and an 8-channel VMP electrochemistry workstation, respectively. The
electrochemical coin cells (CR 2032) that were used for testing contained the
composites on Cu foil with CMC binder as the working electrode, lithium foil as the
counter electrode and reference electrode, porous polypropylene as the separator and
1 M LiN(SO2CF3)2 (LiTFSI) in RTIL as the electrolyte. The two RTILs used and
compared here are 1-ethyl-3-methylimidazolium bis(fluorsulfonyl) imide (EMI-FSI)
and N-methyl-N propylpyrrolidiniumbis(fluorsulfonyl)imide (Py13-FSI), based on
FSI anion from Dai-Ichi Kogyo, Seiyaku Co., Ltd, Japan (DKS). These RTILs
contain less than 10 ppm (w/w) H2O, and less than 2 ppm (w/w) of halide and alkali
metal-ion impurities. The RTILs were used without any further treatment. The cells
were galvanostatically charged and discharged in the range of 0.01–3.0 V at constant
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current densities of 10 mA g-1 for the first 5 cycles and 50 mA g-1 for the following
cycles.
6.3
6.3.1

Results and discussion
Structural and Morphological Characterization

X-ray diffraction (XRD) patterns of Fe2O3/C, NiO/C and CuO/Cu2O/C composites
are shown in Figure 6.1. The diffraction peaks of the as-prepared Fe2O3/C composite
in Figure 6.1a can be indexed to a rhombohedral a-Fe2O3 phase with space group R3c (JCPDS No. 79-0007). The peaks in the pattern of the NiO/C composite (Figure
6.1b) can be attributed to cubic NiO phase with space group Fm-3 m (JCPDS No. 471049). In Figure 6.1c, the diffraction peaks of CuO/Cu2O/C composite can be
indexed to a mixture of monoclinic structure CuO with space group C2/c (JCPDS 410254) and cubic structure Cu2O with space group Pn3m (JCPDS 05-0667). The high
background in all the three patterns from 20 to 40o is due to the presence of
amorphous carbon.
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Figure 6.1 XRD patterns of as prepared Fe2O3/C (a), NiO/C (b) and CuO/Cu2O/C (c)
composites
In order to approximately calculate the carbon contents, thermogravimetric analysis
(TGA) was used, and the results are shown in Figure 6.2. The weight loss from 200
to 350 o C can be assigned to the carbon loss. The starting temperature for the weight
loss is different for each of these composites. This is probably due to the different
natures of the carbon and/or different catalytic properties of different transition metal
oxides. The approximate carbon content for Fe2O3/C, NiO/C and CuO/Cu2O/C
composites is 4, 8 and 14 wt. %, respectively. The TGA curve of the CuO/Cu2O/C
composite shows a weight increase of around 1% from 320 to 400 o C. This is due to
the oxidation reaction from Cu2O to CuO described in Eq. 6.1.
Cu2O + 1/2O2 →2CuO

(6.1)
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The weight increase is around 11% from Eq. 6.1. Therefore, it can be estimated that
the Cu2O content is around 10% in the composite. The specific surface areas of the
as-prepared composites were measured by the 15-pointBrunauer–Emmett–Teller
(BET) N2 adsorption method. The specific surface areas of Fe2O3/C, NiO/C and
CuO/Cu2O/C composites are 260, 41 and 96 m2 g-1, respectively. The Fe2O3/C
composite shows a much higher surface area than the other two composites.

Figure 6.2 TGA curves of the as-prepared Fe2O3/C, NiO/C and CuO/Cu2O/C
composites
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Figure 6.3 SEM images of as-prepared Fe2O3/C (a, b), NiO/C (c, d) and CuO/Cu2O/C
(e, f) composites
The SEM images of the as-prepared Fe2O3/C, NiO/C and CuO/Cu2O/C composites
are shown in Figure 6.3. In general, all the three types of composites show hollow
spherical morphology in low magnification SEM images, with the diameters of the
spherical particles in the order of 1–10 µm (Figure 6.3a, c, e). The diameter reflects
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the pore size in the nozzle. Figure 6.3b shows a higher magnification SEM image of
the Fe2O3/C composite. The walls of the hollow structures are composed of very thin
nanosheets around 10–20 nm in thickness, which can account for the high surface
area. The NiO/C composite (Figure 6.3d) shows much smoother and more condensed
spherical morphology with wall thickness around 300 nm, indicating much lower
surface area. Figure 6.3f shows a higher magnification SEM image of the
CuO/Cu2O/C composite. It can be seen that the CuO/Cu2O/C composite has a similar
morphology to the Fe2O3/C composite but is much more condensed than the Fe2O3/C
composite.
6.3.2

Electrochemical performance
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Figure 6.4 Cyclic voltammograms of Fe2O3/C (a, b), NiO/C (c, d) and CuO/Cu2O/C
(e, f) at scan rates of 0.1 mV s-1 using Py13-FSI (a, c, e) and EMI-FSI (b, d, f) RTILs
as electrolytes
The three types of transition metal oxide/carbon composites have been used as anode
for lithium ion battery application using conventional electrolyte (1 M LiPF6 in
ethylene carbonate (EC):dimethyl carbonate (DMC) = 1:1 (v/v) or EC:diethyl
carbonate (DEC) = 1:2 (v/v)), and a new binder, sodium carboxymethyl cellulose
(CMC). They showed enhanced rate capability and excellent cycling stability.
[153,156,159] Here, two types of RTILs were used as electrolyte for all the three
types of transition metal oxide/ carbon composites; these were 1-ethyl-3-methylimidazolium

bis(fluorosulfonlyl)imide

(EMI-FSI)

and

1-methyl-1-

propylpyrrolidiniumbis(fluorosulfonyl)imide (Py13-FSI). Figure 6.4 displays cyclic
voltammograms of composite materials using the two RTILs as electrolyte at a scan
rate of 0.1 mV s-1 between 0.0 and 3.0 V. The reactions between the lithium and
115

transition metal oxide have been proposed before [148] and are listed as Eqs. 6.2 –
6.4.
Initial discharge (lithiation):
MxOy + 2yLi+ + 2ye -→xM+ yLi2O

(6.2)

Charge (delithiation):
xM + zLi2O → MxOz +2zLi+ + 2ze-

(6.3)

Discharge (lithiation):
MxOz +2zLi+ + 2ze- → xM + zLi2O

(6.4)

(x,y,z=1,2…n)
In the first cycle, the maximum cathodic current peak between 0.5 and 1.1 V is due
to the formation of the solid electrolyte interphase (SEI) layer and the reduction of
the metal oxide. The different steps indicate the multistep reactions due to the
multiple changes in chemical valence. The intensities of the cathodic peaks
decreased in the subsequent scanning cycles due to the irreversible reaction 2 and the
formation of the SEI film. The composite electrodes using Py13-FSI as electrolyte
show much better electrochemical performance than that using EMI-FSI as
electrolyte, in terms of the peak intensity and reversibility. Previous reports [164,167]
show that EMI-FSI can be successfully used as electrolyte for both graphite and
Si/Ni/C composite materials with relatively good performance. However, poor
electrochemical performance of transition metal oxides was observed when using
EMIFSI as electrolyte, as shown in Figure 6.4b, d and f. This is probably due to the
catalytic effects of the transition metal oxides, which make the EMI-FSI or the as116

formed SEI layer unstable. In Figure 6.4a, c and e, the intensities of the cathodic
peaks in the following cycles are in the order of IFe2O3/C > INiO/C > ICuO/Cu2O/C,
indicating that the discharge capacities should be in the same order. From the second
cycle to the fifth cycle, the intensity of the cathodic peak (at around 0.6 V) of the
Fe2O3/C composite remains the same, so that this composite shows the best cycling
stability among all the samples. The anodic peaks are very broad and were not very
clearly observed for the CuO/Cu2O/C composite. Three small anodic peaks could be
seen in the potential range from 1.0 to 2.5 V for both the Fe2O3/C and the NiO/C
composites. The cathodic and anodic peaks with Py13-FSI used as electrolyte are all
shifted to lower and higher potentials, respectively, compared with those observed in
conventional electrolyte. This is probably due to the much higher viscosity of the
RTILs, combined with worse wet ability, compared with conventional electrolyte at
room temperature, [168] and also the strong catalytic effect of the transition metal
oxides.
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Figure 6.5 Typical charge–discharge curves of Fe2O3/C (a), NiO/C (b) and
CuO/Cu2O/C (c) composites using Py13- FSI ionic liquid as electrolyte
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Typical discharge–charge curves of the Fe2O3/C, NiO/C and CuO/Cu2O/C composite
electrodes in coin cells are shown in Figure 6.5. The composite materials using
RTILs show very different initial discharge curves from those using conventional
electrolyte in previous reports. [153,156,159] The initial discharge capacities for
Fe2O3/C, NiO/C and CuO/Cu2O/C composites are 1250, 750 and 1000 mAh g-1,
respectively. The second discharge capacities for Fe2O3/C, NiO/C and CuO/Cu2O/C
composites are 620, 570 and 450 mAh g-1, respectively. The main reasons for the
existence of the initial irreversible capacity in anode materials are the formation of a
SEI layer and the irreversible reaction during the first discharge. Fe2O3/C composite
using Py13- FSI as electrolyte shows the highest discharge capacity, in good
agreement with the CV tests.
Figure 6.6 displays the effect of cycling on the Fe2O3/C, NiO/C and CuO/Cu2O/C
composite electrodes at a current density of 10 mA g-1 for the first 5 cycles and
50mA g-1 for the following cycles. After 5 cycles, Fe2O3/C, NiO/C and CuO/Cu2O/C
composite electrodes show an almost stable capacity of 581, 533 and 448 mAh g-1,
respectively. When the current density changes to 50 mA g-1, the Fe2O3/C, NiO/C
and CuO/Cu2O/C composite electrodes show specific capacities of 420, 370 and 210
mAh g-1, respectively. The capacity can be maintained up to 50 cycles for the
Fe2O3/C and CuO/Cu2O/C composites. The NiO/C composite electrode shows a
gradual drop in capacity to 200 mAh g-1 after 50 cycles. It is worth pointing out that
Fe2O3/C composite shows the highest specific capacity (425 mAh g-1) and the best
capacity retention up to 50 cycles under the higher current density (50 mA g-1). This
may be due to the higher theoretical capacity of Fe2O3 compared with NiO and
CuO/Cu2O, and the much higher surface area of Fe2O3/C, which increases the
contact surface between the RTIL and the active materials. Therefore, the
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electrochemical performance is much better than those of the NiO/C and CuO/
Cu2O/C composites. The cycle life of nano-Fe2O3 and commercial Fe2O3 electrode
are also presented here for comparison. The nano-Fe2O3 was also prepared by spray
pyrolysis at 1000ºC. The experimental details and characterization can be found in a
previous report. [153]The commercial a-Fe2O3 was purchased from Sigma-Aldrich
and has a surface area of less than 10 m2 g-1. From the results, the commercial aFe2O3 only shows a small initial discharge capacity of 244 mAh g-1 and a stable
discharge capacity around 80mAh g-1 at a current density of 50 mA g-1. This
indicates that the surface area is an important factor affecting the performance of
Fe2O3. It can also be seen in Figure 6.6 that nano-Fe2O3 has a similar discharge
capacity to that of Fe2O3/C composite at a current density of 10 mA g-1 but it only
shows a capacity below 300 mAh g-1 when the current was changed to 50 mA g-1,
indicating that the carbon composite is also important for good capacity retention and
good high rate capability. These results are in good agreement with our previous
report in which conventional electrolyte was used. In addition, because of the poorer
wettability and lower ionic conductivity of RTILs at room temperature, the capacities
of composites in RTILs are much lower than in the conventional electrolytes.
[153,156,159]
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Figure 6.6 Cycle life of Fe2O3/C, NiO/C, CuO/Cu2O/C, nano-Fe2O3 and commercial
Fe2O3 electrodes using Py13-FSI ionic liquid as electrolyte at a current density of 10
mA g-1 for the first 5 cycles and 50 mA g-1 for the rest of the cycles.

Figure 6.7 Nyquist plots of nano-Fe2O3 and Fe2O3/C composite electrodes at a
discharge potential of 0.85 V (vs. Li/Li+) from 100 kHz to10 mHz.
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Figure 6.7 shows the Nyquist plots of the nano-Fe2O3 and Fe2O3/C composite
electrodes at a discharge potential of 0.85 V versus Li/Li after charge and discharge
for 5 cycles. The impedance curves show one compressed semicircle in the mediumfrequency region, which could be assigned to charge transfer resistance (Rct), and an
approximately 45Ω inclined line in the low-frequency range, which is related to the
Warburg impedance. The Rct of nano-Fe2O3 and Fe2O3/C composite is 1,250 and
880Ω, respectively. The intercepts on the real axis Z0 could be considered as
representing the combined resistance, including the ionic resistance of the electrolyte,
the intrinsic resistance of the active materials and the contact resistance at the active
material/current collector interface. The combined resistance for nano-Fe2O3 and
Fe2O3/C is 420 and 328 Ω, respectively. The carbon composite shows both lower Rct
and lower combined resistance. However, all these values are at least one order of
magnitude higher than those in the conventional electrolyte. [169] This is still a big
disadvantage of using ionic liquid as electrolyte in the lithium-ion battery at room
temperature.
6.4

Summary

Three types of transition metal oxide/carbon composites, synthesized by spray
pyrolysis, have been used as anode for lithium ion battery application in two types of
ionic

liquid

electrolyte:

bis(fluorosulfonlyl)imide

1

M

LiTFSI

(EMI-FSI)

propylpyrrolidiniumbis(fluorosulfonyl)imide

in

1-ethyl-3-methyl-imidazolium
or

(Py13-FSI).

1-methyl-1The

electrochemical

measurements show that the composite electrodes using Py13-FSI as electrolyte have
much better electrochemical performance than those using EMIFSI in terms of
capacity and reversibility. The Fe2O3/C composite shows the highest specific
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capacity and the best capacity retention under higher current density (50 mA g-1) up
to 50 cycles, compared with the NiO/C and CuO/Cu2O/C composites. These
preliminary results show that Py13-FSI could be used as an electrolyte for transition
metal oxides in lithium-ion batteries. More study is needed to understand the
catalytic effects of transition metal oxides in the RTILs and to further improve the
electrochemical

performance.
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CHAPTER 7 DEVELOPMENT OF MOS2-CNT COMPOSITE THIN FILM
FROM LAYERED MOS2 FOR LITHIUM BATTERIES

7.1

Introduction

Because of their light weight, long life, and high energy density, rechargeable thinfilm lithium batteries have attracted great attention recently due to their applications
in areas of microelectronics such as smart cards, medical devices and integrated
circuits. [170-176] However, further progress will require the development of new
electrode materials. A family of materials with great potential in this area are the
layered compounds. These materials have high surface area and novel electronic
properties and are potentially useful for a range of applications such as sensing,
catalysis, and energy storage. [177-182]
Probably the most well-known inorganic layered compound is the layered transition
metal sulphide, MoS2. This material consists of S-Mo-S units chemically bonded to
form nanosheets which stack via van der Waals interactions to form layered crystals.
[183] This structure allows small foreign atoms or molecules to be introduced into
the gallery between the MoS2 layers by intercalation. Because Li+ can easily be
intercalated into and extracted from the gallery spacing, crystalline MoS2 has been
intensively studied as an electrode material for Li-ion batteries. [184-186] It is
thought that layered crystalline MoS2 electrodes can have much higher capacity than
commercially used graphite. Dominko et al. have found that MoS2, in the form of
aggregated nanotubes, can controllably store and release relatively large amounts of
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lithium ions in their one-dimensional (1D) channels, and can form the basis of a
promising electrode material for lithium-storage systems. [183,187] Batteries with
layered MoS2 electrodes have also displayed high capacity, coupled with
extraordinarily high cycling stability. [184] However, the vast majority of studies on
layered MoS2 have involved electrodes formed from ordered crystallites. Possibly
more interesting would be films of randomly restacked MoS2 nanosheets due to their
higher porosity and potential for larger inter-layer spacing. Such systems have never
been systematically studied and reported.
In previous reports, pure thin MoS2 films have been prepared using chemical bath
deposition, physical vapour deposition, pulsed laser ablation, magnetron sputtering,
chemical vapour deposition, and ion-beam-assisted deposition. [188-193]However,
among other deficiencies, the MoS2 thin films produced by such methods tend to
have relatively poor electronic conductivity. In addition, stacking of the nanosheets
during film formation leads to a significant reduction in the active surface area of the
two-dimensional structures. [194-197]Also, in battery devices, active materials suffer
from cracking and crumbling (‘pulverization’) due to a volume expansion and
contraction during charge-discharge cycling, leading to loss of electrode interparticle
contact. This can result in a rapid decay in mechanical stability and significant
capacity fading. [198-201]
Preparing nanostructured composites is a generally accepted strategy to alleviate
these problems to produce lithium batteries with high performance and stability.
[180,185,193,202] However, preparation of composite thin films incorporating
layered materials still remains a challenge, with few reports up to now. In this
chapter, a facile composite thin film preparation technique have been developed.
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Single-wall carbon nanotubes (SWNTs) have been used as the carbon additive in
order to generate thin films with 3D porous scaffolds, preventing the restacking of
MoS2 sheets. The key step in this process is the exfoliation of the MoS2 powder in
the solvent N-cyclohexyl-2-pyrrolidone (CHP) under high-power sonication. [203]
Then, by mixing suspensions of exfoliated MoS2 nanosheets and carbon nanotubes, a
SWNTs/MoS2 composite suspension could be formed. This was used to prepare
MoS2-SWNT composite thin films by vacuum filtration, which was transferred to
metal foils. [204] This technique can be used for the preparation of composite thin
films with various compositions. Examples include mixtures of different transition
metal chalcogenides (TMDs), mixtures of graphene and TMDs, composites of
nanotubes or graphene and layered metal oxides and polymer matrix composite films.
Such composite films can be used for a broad range of applications, such as batteries,
supercapacitors and fuel cells. [181,205,206]
7.2
7.2.1

Experiments
Exfoliation of MoS2 and dispersion of SWNT

MoS2 powder (Sigma-Aldrich) was exfoliated in N-cyclohexyl-2-pyrrolidone (CHP)
using ultrasonication. [202] Firstly, commercial MoS2 powder was added to 100 ml
CHP at a concentration of 10 mg/ml, and then the dispersion was sonicated for 3 hrs
with a horn tip (Vibracell CVX 750 W at 75% output). Ice water bath cooling was
used to prevent overheating. The dispersion was settled for 12 hrs, centrifuged at
1500 rpm for 90 min (Hettich Mikro 220R) and the supernatant collected. Although
this dispersion contains the required exfoliated nanosheets, the solvent was
inappropriate for film formation by filtration onto nitrocellulose. To address this, the
supernatant was further centrifuged at 15000 rpm for 4 h at 10 °C. This gave wet
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sediment of exfoliated MoS2 nanosheets which could be redispersed in isopropanol
(IPA) at a concentration of 5 mg/ml.
SWNTs (Iljin Nanotech) were dispersed in CHP at a concentration of 1 mg/ml using
5 min point probe sonication (20% amplitude) followed by 1 h bath sonication and a
further 5 min probe sonication. The dispersions of MoS2 and SWNTs were blended
to form a mixture.
7.2.2

MoS2- SWNT hybrid film preparation

The mixture (20 wt. % or 50 wt. % SWNTs to MoS2+SWNTs) of the exfoliated
MoS2 and SWCNT dispersions was filtered through nitrocellulose membrane (0.022
μm pore size) under vacuum, to give a film of MoS2-SWNT on the filter. Normally,
CHP solvent would react with and dissolve a nitrocellulose membrane. It was found
that dilution of a given mixture in isopropanol (IPA) (approx. 25:1 ratio) before
filtration alleviated this problem. The deposited films were dried under room
temperature vacuum and then wet-transferred to Cu foil substrates. Figure 7.1 shows
a schematic diagram of the wet transfer process. In order to transfer the MoS2-SWNT
film from the filter to the Cu substrate, conformal contact was first made between the
film and the copper foil (Fig. 7.1(a)) supported on a glass plate. The MoS2-SWNT
film deposited membrane was wetted with IPA and pressed against the Cu foil. IPA
was used to remove trapped air and promote direct contact between the hybrid film
surface and the Cu foil. The assembly consisting of the MoS2-SWNT film with the
filter and the Cu substrate was then exposed to acetone vapour until the nitrocellulose
membrane was rendered transparent followed by soaking in an acetone bath (Fig.
7.1(b)) to remove the nitrocellulose membrane. Separating the membrane from the
assembly gave a MoS2-SWNT film on the Cu substrate (Fig. 7.1(c-d)). Once
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completely dried, the MoS2-SWNT film was strongly bound to the Cu foils (Fig.
7.1(e)) and could not be peeled off easily.

Figure 7.1 Schematic diagram of the filtration-wet transfer process: (a) and (b) stack
of the filter−MoS2-SWNT film−substrate; (c) filter−MoS2−SWNT film-substrate set
in the acetone bath; (d) MoS2-SWNT film transfer to the Cu foil; and (e) MoS2SWNT/Cu electrode.
7.2.3

Materials characterisation

The exfoliated MoS2 was examined using a transmission electron microscope (TEM
JOEL 2100).

The as-prepared thin films were characterised by using X-ray

diffraction (XRD, GBC MMA) with Cu Kα radiation, as well as field emission SEM
(FESEM, JEOL 7500). The electrochemical characterisations were carried out using
2032 coin cells. The cells were assembled using lithium metal foil as the counter
electrode in an argon-filled glove box. The electrolyte solution was 1 M LiPF6 in
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ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 v/v). Constant-current charge–
discharge tests were performed in the range of 0.01–3.0 V at a current density of 100
mAg-1. Note that the mass of SWNTs was included when calculating the specific
reversible capacity of the MoS2-SWNT composite. Cyclic voltammetry (CV) was
carried out by using a Biologic VMP-3 Multichannel electrochemistry workstation at
a scanning rate of 0.1 mVs-1. Electrochemical impedance spectroscopy (EIS) was
performed using an Ametek PARSTAT 2273 electrochemistry workstation. The ac
amplitude was 5 mV. The frequency range applied was 1 MHz–0.01 Hz.
7.3

Results and Discussion

Figure 7.2 Digital image of stable MoS2/CHP dispersion after high-power sonication;
(b) TEM image of exfoliated MoS2 flakes.
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Figure 7.3 FESEM images of cross sections of the MoS2 and MoS2-SWNT (20%
SWNT) thin film electrodes.
Figure 7.2(a) shows that the MoS2 powder was exfoliated in CHP using a previously
developed simple high-power sonication method [205] to form a stable dispersion.
For layered materials, this kind of sonication exfoliation method can be carried out
under ambient conditions without serious damage (defects) and easily scaled up,
making it superior to chemical exfoliation using harsh oxidants. [202,207-209] In
order to determine the nature of the exfoliated MoS2, TEM imaging was carried out
on the MoS2 dispersion, as shown in Figure 7.2(b), indicating a high degree of
exfoliation. Then, the highly exfoliated MoS2 flakes were mixed with SWNTs, and
the mixture was suspended uniformly in the liquid phase. The suspensions were then
used to prepare composite thin films by vacuum filtration as described in Figure 7.1.
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The FESEM images of the cross-sections of the as-prepared film electrodes show
that the active material layers have become firmly adhered to the surface of the
copper foil for both the pure MoS2 and the MoS2-SWNT films (Fig. 7.3). No gap
could be clearly observed in either the MoS2 or the MoS2-SWNT composite films.
This indicated that the filtration and wet-transfer processes can be used to prepare
high quality thin film electrodes.
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Figure 7.4 FESEM images of the top view of the pure MoS2 film (a-b) and the
composite MoS2-SWNT film (d-e). FESEM images of cross-sections of the pure
MoS2 film (c) and the MoS2-SWNT film (f).
Fig. 7.4(a-b) presents FESEM images of the pure and composite MoS2 films from
topological views, showing a well-packed and layered platelet topology for the pure
MoS2 film. The cross-sectional image (Fig. 7.4(c)) of the pure MoS2 electrode
confirms this well-packed platelet structure. In contrast, the MoS2-SWNT composite
film (Fig. 7.4(d-e)) shows an interesting nanostructure where MoS2 platelets are
uniformly embedded into the carbon nanotube network. The uniform distribution of
MoS2 platelets among the carbon nanotubes can be attributed to the well mixed
liquid-phase dispersions of exfoliated MoS2 nanosheets and SWNTs that were used
for the filtration. Pockets of void spaces are clearly visible for the composite thin film
electrode, which might provide more space to help the movement of Li-ion through
the film electrode compared with pure MoS2 film.
7.3.1

Electrochemical performance
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Figure 7.5 Cyclic voltammograms of selected cycles for (a) MoS2-SWNT film (50%,
1 µm), and (b) MoS2 film.
The electrochemical properties of the MoS2-SWNT composite (50%) thin film (1 µm)
were investigated by cyclic voltammetry. As presented in Fig. 7.5(a), the sharp peak
at around 1.0 V in the first cathodic scan can be attributed to the coordination of Mo
by six S atoms (MoS6), causing a change from trigonal prismatic to octahedral in the
MoS2 structure, where the Li

+

ions intercalate into MoS2 layers, thus forming

LiMoS2. The peak at 0.4 V is likely to be related to the reduction of Mo4+ to Mo
metal accompanied by the formation of Li2S. [210] The whole discharge (lithiation)
reaction can be expressed as a two-step process based on the following reactions:
MoS2 + xLi+ + xe− → LixMoS2

(7.1)
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LixMoS2 + 4 Li+ + 4e− → 2Li2S + Mo

(7.2)

During the second discharge, two cathodic peaks at 1.0 and 0.4 V almost disappear,
while, instead, one new cathodic peak at 1.85 V appears. One additional peak
observed at 0.7 V is the cathodic peak of the MoS2, which is confirmed from the CV
for the pure MoS2 film (Fig. 7.5(b)). In the first charge (delithiation) process, two
potential plateaus at approximately 1.3 and 2.3 V are displayed. In the subsequent
cycles, only one peak at approximately 2.3 V is observed, corresponding to the
oxidation of Li2S into sulphur, [211] which has been reported by Lemmon’s group.
They point out that after the first cycle, the electrode can be regarded as a mixture of
S and Mo instead of MoS2. Therefore, the reduction peaks at 2.1 V and 1.8 V are for
the conversion from elemental S8 to polysulfides and then to Li2S. [212-214]
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Figure 7.6 Cycling behaviour of pure SWNT, MoS2, and MoS2-SWNT films.
Cycling took place between 0.01 and 3.0 V vs. Li/Li+ at a cycling rate of 100 mA g-1
Figure 7.6 shows the capacities and cycling behaviour of the films. In the first cycle,
the discharge capacity of the pure MoS2 film with thickness of 1 μm is
approximately 1066 mAh g-1. The capacity continuously decreases and reaches 290
mAh g-1 after 100 cycles, which is only approximately 27 % of the initial capacity,
indicating poor capacity retention. In contrast, the capacity of the MoS2-SWNT (50%
SWNT) composite film with thickness of 1 μm is about 992 mAh g-1 after 100 cycles,
maintaining 82% of the initial capacity of 1117 mAh g-1. However, the performance
is markedly affected by the composite film thickness. The capacity of the MoS2SWNT composite film with the thickness of 4 μm is just 600 mAh g-1 after 100
cycles, which is much lower than the capacity of the composite film with thickness
around 1 μm (992 mAhg-1). This phenomenon is consistent with our previous studies
on the films for battery application, [215] and is due to ion diffusion length effects
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and migration lengths being longer in thick films compared with thinner films.
[216,217]
The results show a clear proportional trend between the performance and the addition
(mass weight percentage) of SWNTs. However, the MoS2-SWNT (20% SWNT)
shows an unstable cycling performance after 40 cycles, which could be possibly due
to mechanical issue assigned to the volume changes. It is well known that volume
changes will occur in the electrode when Li is inserted and extracted during cycling,
leading to cracking and crumbling of the electrode, which results in electrode failure.
In the case of the MoS2-SWNT composite films, MoS2 platelets are homogeneously
embedded into the SWNT network. The SWNTs serve not only for dilution to
prevent MoS2 platelets from aggregating, but also as an efficient elastic matrix to
accommodate the mechanical stresses/strains experienced by the MoS2 phase, thus
maintaining the structural integrity of the composite film during cycling. [181,218]
Even though the volume expansion still occurs, the electrode is not pulverized, since
the MoS2-SWNT films have enough void spaces, as are shown in Fig 7.3(c), to
buffer the volume change.
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Figure 7.7 Rate capacities of MoS2-SWNT films with thickness of 1 μm and 4 μm.
To further investigate the electrochemical performance of the MoS2-SWNT
composite (50%, both 1 and 4 µm) film electrodes, the rate capability was tested and
is shown in Figure 7.7. The discharge capacity of the MoS2-SWNT composite film
only slightly decreases as the current density increases, and the electrode exhibits a
stable specific capacity as high as 670 mAh g-1 at a current density of 3200 mAg-1.
After cycling at high current densities, the cell was galvanostatically dischargedcharged at a current of 100 mA g-1 again, and the capacity almost recovered to the
initial capacity. The good Li-cycling performance of the MoS2-SWNT composite
film can not only be attributed to the carbon nanotube matrix in the composite film,
but also the process of film production. These well-exfoliated MoS2 sheets are
embedded into the SWNT long range matrix, which maintains the structural integrity
of the composite electrodes by accommodating large volume changes within the
MoS2 itself and particle agglomeration. Additionally, the SWNTs increase the
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electronic conductivity of the electrodes by forming an efficient electrically
conductive network. [219,220]

Figure 7.8 Impedance plots for electrodes containing (a) MoS2-SWNT and (b) pure
MoS2 films after 1 and 100 cycles. Both films were approximately 1 µm in thickness.
The frequency range applied was 1 MHz–0.01 Hz. All measurements were
conducted in the delithiated state.
The excellent electron and ion transfer kinetics associated with SWNTs also
contributes to the superior electrochemical performance of the MoS2-SWNT
composite by lowering the internal resistance for both electrons and lithium ions. To
140

verify that the SWNTs are responsible for the good performance of the cells with the
MoS2-SWNT film compared with pure MoS2 film, ac impedance measurements were
conducted. The Nyquist plots obtained for the MoS2-SWNT film and the bare MoS2
film after 1 and 100 cycles are shown in Figures 7.8(a) and 7.8(b) respectively. To
maintain uniformity, electrochemical impedance spectroscopy (EIS) was performed
on working electrodes in the fully charged state. At high frequencies, the impedance
response exhibits one semicircular loop, and there is a sloping straight line in the
low-frequency regime. The intercept on the Zreal axis in the high-frequency region
corresponds to the resistance of the electrolyte (Rs). The semicircle in the middle
frequency range indicates the charge-transfer resistance (Rct), relating to charge
transfer through the electrode/electrolyte interface. The inclined line in the lowfrequency region represents the Warburg impedance (Zw), which is related to solidstate diffusion of Li ions in the electrode materials. [221] We found that the
diameters of the semicircles for the pure MoS2 film were larger than for the MoS2SWNT composite film after the 1st and 100th cycles. This means that the charge
transfer resistance (Rct) of the MoS2-SWNT electrode was smaller than that of the
pure MoS2 film. The diameters of the semicircles are enlarged for both films after
100 cycles. However, when Figure 7.8(a) is compared with Figure 7.8(b),
considerable differences are observed. The charge transfer resistance of pure MoS2
increased from 900 Ω cm-1 after 1 cycle to 1300 Ω cm-1 after 100 cycles. The charge
transfer resistance of the MoS2-SWNT film just slightly increased after 100 cycles.
Therefore, it can be stated that the interparticle resistance of the electrode was
suppressed by the addition of SWNTs, resulting in better cycling of the cells during
the charge–discharge process.
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Figure 7.9 FESEM images of electrodes after cycling: (a) MoS2-SWNT composite
film electrode (50%, 1 µm). (b) Cross section of MoS2-SWNT composite film. (c)
Pure MoS2 film electrode. (d) Cross section of pure MoS2 film electrode.
In order to further explore the reasons why the battery performance is much
improved for the cell with the MoS2-SWNT composite film compared with the pure
MoS2 film, a morphological study of the electrodes after 100 cycles was conducted.
As can be seen from the top view (Fig. 7.9a) and cross section (Fig. 7.9b) of the
MoS2-SWNT thin film (50%, 1 µm), the electrode still maintained near perfect the
porous structure, and no cracks were found after cycling. For the pure MoS2 film, the
cracks on the electrode surface were clearly observed (Figs. 7.9c and 7.9d) after
cycling, which could indicate a serious mechanical degradation issue. This kind of
mechanical degradation was not present in the MoS2-SWNT composite film. This
could be one key reason in explaining why the MoS2-SWNT thin film displays much
higher capacities and better cyclic stability compared to pure MoS2 thin film.
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7.4

Summary

MoS2-SWNT composite thin films, produced via a filtration/wet transfer process,
have shown strong electrochemical performance in Li-ion battery applications. The
improvements in both stability and discharge capacity can be attributed to the
embedded SWNT network matrix in the composite thin film, which possibly serves a
couple of key functions, including i) maintaining the porous structure and integrity of
the composite thin film during large volume changes and also preventing
agglomeration; and ii) increasing the electronic conductivity of the thin film by
forming an efficient electrically conductive network of SWNTs. In addition, the
applied thin film electrode fabrication procedures that were modified/ developed in
this study have the potential to be explored for fabrication of other layered thin films
for

a

broad

range
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of

applications.

CHAPTER 8 CONDUCTING POLYMER COATED SULPHUR-CNTS
COMPOSITES FOR LITHIUM-SULPHUR BATTERIES
8.1

Introduction

Recently, great attention has been directed toward using element sulphur for the
development of green, low-cost and high-energy-density rechargeable batteries.
[222-226]The lithium sulphur (Li/S) battery is a very attractive energy storage
system due to its high theoretical specific capacity of 1672 mAh g−1 and its
theoretical power density of 2600 Wh kg−1, based on its sulphur active material. In
addition to the high capacity, the utilization of sulphur as a cathode material has the
advantages of natural abundance, low cost, and environmental friendliness.
Therefore, the Li/S battery shows great potential for the next generation of lithium
batteries that are capable of offering high energy density as power sources for energy
storage systems that can be coupled to renewable sources, including wind, wave, and
solar energy, as well as used in regenerative braking in vehicular transport, as a
fundamental solution to our serious emission and pollution problems. The poor cycle
life of Li/S batteries, however, is a significant barrier that hinders their
commercialization. There are a number of reasons for the rapidly declining capacity,
including (i) sulphur is highly electrically insulating (5 × 10−30 s cm−1 ) and can be
only reduced efficiently if a material with high electrical conductivity is added; [227]
(ii) the intermediate reduction species, lithium polysulphides, are highly soluble in
the typical organic solvent based electrolyte, which leads to active material loss and
lower columbic efficiency through the well-known sulphur shuttle mechanism. [228]
To successfully operate the lithium-sulphur battery, the sulphur powder must be well
combined with electrically conductive additives and strongly adsorbent agents. [229144

231]High surface area carbon materials, such as mesoporous carbon, graphene, and
carbon nanotubes (CNTs) have been successfully used to prepare sulphur-carbon
composites to improve the conductivity of the sulphur electrode and reduce the
dissolution of polysulphides into the electrolyte. [222,232-236] Several research
groups have reported that the capacity and cycling stability of sulphur carbon
composite cathode can be further improved by coating polymers, such as
polyethylene glycol (PEG) and Nafion, on the external surfaces of the sulphurcarbon composite to act as a container to further trap the polysulphide species.
[221,237] Conducting polymers, such as polyaniline (PAn) and poly(3,4ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) have also been
reported to improve the performance of sulphur-carbon composites. [238,239]The
conducting polymers have high electrical conductivities, [240] so the conducting
polymers coated on the surface of the S-C composite will not only act as a container
to trap lithium polysulphides to minimizes the loss of the active materials, but also
further improve the conductivity of the S-C composite. However, whether the PAn
and PEDOT: PSS were involved in the electrochemical reaction in the operation
voltage range of the lithium/S battery (1.5-3.0 V vs. Li/Li+) or not. It is well know
that the redox potential of PPy reacting with lithium (~2.5 V vs. Li/Li+) is within the
range of the redox potential of sulphur cathode in the lithium cell, [241] so PPy acts
not only as an electrically conducting agent and a container to improve the
conductivity and trap lithium polysulphides, but also can contribute to the capacity of
the S cathode in the lithium cell. [222] As mentioned above, the sulphur must be well
combined with a conductive agent when it is prepared as an electrode. Normally, a
carbon material is used as the electrical conductor in the electrode. The amount of
carbon used must range between 30 and 55% [242-244] of the total weight of the
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electrode materials to maintain good conductivity of the sulphur cathode. In order to
reduce the inert weight of carbon and still maintain the good conductivity of the
sulphur electrode, conducting polypyrrole is a good candidate to be used as the
conductive agent. Moreover, PPy nanoparticles coated onto the surfaces of S-carbon
composite

can

absorb

polysulphide

due

to

their

porous

surface

morphology.[222,245-247] Therefore, in this chapter, a conducting polypyrrole
coated sulphur − multi-walled carbon nanotube ternary composite was prepared and
investigated as the cathode material for Li/S batteries. The results are compared with
those for the binary composites S-MWCNT and S-PPy. Experiments
8.2
8.2.1

Experimental

Materials Synthesis

Figure 8.1 Scheme of the S-MWCNT-PPy composite for improving cathode
performance.
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The preparation route of the S-MWCNT-PPy composite is shown in Fig 8.1(a-d).
Firstly, a mixture of MWCNTs, TX-100, and oxalic acid aqueous solution was
sonicated for 2 hours to make a uniform suspension, and then thiosulphate solution
was slowly dropped into the suspension under stirring. Sulphur was precipitated on
the carbon nanotube network to form S-MWCNT composite according to the
reaction:
Na2S2O3 + H2C2O4 → Na2C2O4+ SO2 + S↓ + H2O
The polypyrrole layer was coated on the surface of the S-MWCNT composite by an
optimized chemical polymerization method using pyrrole monomer, sodium ptoluenesulphonate (PTSNa) as the dopant, and FeCl3 as the oxidant, as reported in
the support information. The resultant black aqueous solution was washed
thoroughly with distilled water until free of FeCl3. Finally, the black mass was dried
at 40oC overnight under vacuum to yield sulphur-MWCNT-PPy powder. In order to
evaluate the electrochemical performance of polypyrrole in lithium cells, the bare
polypyrrole powder was also synthesized using the same method as mentioned
above.
8.2.2

Material Characterization

The microstructure of the as-prepared sulphur, sulphur-MWCNTs, and sulphurMWCNT-PPy was characterized by X-ray diffraction (XRD; GBC MMA 017). Xray photoelectron spectroscopy (XPS) was used to further characterize the PPYSulphur coated multiwall carbon nanotube (MWCNT) sample. Examinations were
conducted using a SPECS PHOIBOS 100 Analyser installed in a high-vacuum
chamber with the base pressure below 10–8 mbar; X-ray excitation was provided by
Al Kα radiation. The XPS binding energy spectra were recorded at the pass energy of
147

20 eV in the fixed analyser transmission mode. The XPS peak fitting was carried out
using the CasaXPS software. The morphology and energy dispersive spectroscopy
(EDS) mapping of the samples were obtained with a field-emission scanning electron
microscope (FESEM; JEOL 7500, 15kV) and a scanning electron microscope (SEM;
JEOL JSM 6460A), respectively. Thermogravimetric analysis (TGA) was performed
via a SETARAM Thermogravimetric Analyzer (France) in air to determine the
changes in sample weight with increasing temperature and to estimate the amount of
sulphur in the sample.
8.2.3

Electrochemical Measurements

The S-MWCNT-PPy composite cathode slurry was made by mixing 80 wt. %
composite with 10 wt. % carbon black and 10 wt. % polyvinylidene fluoride (PVDF)
binder in N-methyl-2-pyrrolidinone (NMP) solvent. The

S-MWCNT composite

cathode slurry containing 50 wt. % sulphur powder, 40 wt. % carbon black, and 10
wt. % PVDF binder was also prepared in the same way as described previously to
compare with the S-MWCNT-PPy composite. The slurries were spread onto
aluminium foil substrates. The coated electrodes were dried in a vacuum oven at 100
oC for 24 h and then pressed. Subsequently, the electrodes were cut to a 1×1 cm2
size. Homemade Teflon cells were assembled in an Ar-filled glove box. A
conventional

organic

solvent

electrolyte

of

l

mol/L

lithium

bistrifluoromethanesulfonamide (LiTFSI) in poly (ethylene glycol) dimethyl ether
500 (PEGDME 500) was used. The cells were galvanostatically discharged and
charged in the range of 1.5 – 3.0 V at a current density of 50 mA g-1. Cyclic
voltammetry (CV) was carried out by using a Biologic VMP-3 Multichannel
electrochemistry workstation at a scanning rate of 0.1 mVs-1. Electrochemical
impedance spectroscopy (EIS) was performed using an Ametek PARSTAT 2273
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electrochemistry workstation. The ac amplitude was 5 mV. The frequency range
applied was 1 MHz–0.01 Hz. The electrode was 1 cm2 in size.
8.3
8.3.1

Results and Discussion
Structural and Morphological Characterization

Figure 8.2 presents the X-ray diffraction (XRD) patterns for the as-prepared
elemental S powder, and the S-MWCNT and S-MWCNT-PPy composites. The
diffraction peaks of the three samples match very well with the standard diffraction
lines of sulphur (PDF card No. 00-001-0478), which can be indexed to the
orthorhombic phase with space group Fddd.[248] This indicates that no phase
transformation of sulphur occurs during the in-situ chimerical polypyrrole coating
process.

Figure 8.2 X-ray diffraction patterns for S, S-MWCNT and S-MWCNT-PPy
composites.
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X-ray photoelectron spectroscopy (XPS) was used to confirm the presence of the
polypyrrole coating layer on the surface of the S-MWCNT composite (Figure 8.3).
Fig. 8.3(a) shows two peaks for S2s and S2p, which are mainly attributed to the
elemental sulphur and partially attributed to the dopant p-toluenesulfonate anion
(PTS-) in the polypyrrole matrix. The C1s (285.5 eV), N1s (399.3 eV), S2s (232.2
eV), and S2p (168.4 eV) peaks indicate the presence of polypyrrole with PTS- as the
dopant.[249] The high resolution S2p spectrum of the S-MWCNT-PPy composite is
shown in Figure 8.3(b), where two peaks of S2p at 164.4 eV and 168.3 eV,
respectively, are clearly visible. The lower peak at 164.4 eV could be assigned to
elemental sulphur, [250] which has been confirmed by the XPS spectrum of uncoated
S-MWCNT composite presented in Fig. 8.3(c). The higher peak at 168.3 eV
indicates the dopant PTS-, [248] which proves that PPy is present on the surface of
the sulphur-MWCNT composite.
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Figure 8.3 X-ray photoelecton spectroscopy spectra of (a) S-MWCNT-PPy
composite, (b) S 2p plot of S-MWCNT-PPy composite, and (c) S 2p plot of SMWCNT composite.
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For quantifying the amount of MWCNTs in the S-MWCNT composite,
thermogravimetric analysis (TGA) measurements were carried out in air. As can be
seen from Figure 8.4, the bare sulphur powder was burned completely at around 320
o

C, and pure MWCNT started to be oxidised at 450 oC. The sulphur was burned off

at the first stage, followed by the oxidation of the MWCNTs in the second stage at
temperatures above 450 oC. For the S-MWCNTs, the weight loss in the first stage
was about 93.77 wt. %, which represents the amount of sulphur. The amount of
MWCNTs is 6.23 wt. % in the S-MWCNT composite. TGA analysis was also
conducted for the sample of S-MWCNT-PPy to determine the amount of PPy in the
composite. The content of sulphur is about 60.31 wt. % in the S-MWCNT-PPy
composite. The amount of MWCNTs can be calculated according to the percentage
of sulphur in the S-MWCNT composite, and it is about 4.14%. Therefore, the PPy in
the S-MWCNT-PPy composite is 35.55 wt. %.

Figure 8.4 TGA curves of S, S-MWCNT and S-MWCNT-PPy composites.
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To investigate the morphology of the products, scanning electron microscope (SEM)
and field emission scanning electron microscope (FESEM) images were collected for
CNTs, pure sulphur, and the S-MWCNT and S-MWCNT-PPy composites,
respectively (Figure 8.5). The image of the as-prepared S powder reveals that the
morphology of the S particles is irregular in shape, with sizes in the range of 1–5 μm.
The elemental S was loaded onto webs of curved multi-walled nanotube in the SMWCNT composite. In-situ chemical polymerization of pyrrole in the S-MWCNT
suspension leads to polypyrrole coated S-MWCNT composite. It can be seen that
the nanoparticles of polypyrrole in the size range of 100-300 nm covered the surfaces
of the S-MWCNT composite. To verify that PPy was uniformly coated on the
surfaces of the S-MWCNT composite, energy dispersive X-ray spectroscopy (EDS)
mapping analysis was carried on the S-MWCNT–PPy composite (see Fig. 8.5(e)).
The bright spots correspond to the presence of the elements S and N, respectively, in
which N was an element of polypyrrole. The results show that N is distributed
uniformly throughout the whole area, which indicates that the polypyrrole particles
had uniformly coated the surface of the S-CNT composite.
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Figure 8.5 FESEM images of (a) MWCNT, (b) S, (c) S-MWCNT, (d) S-MWCNTPPy and (e) SEM image obtained from S-MWCNT-Ppy composite with
corresponding energy-dispersive X-ray spectroscopy (EDS) maps for S and N.
8.3.2

Electrochemical performance

To study the electrochemical characteristics of the S-MWCNT and S-MWCNT-PPy
composites, cyclic voltammetry (CV) was first performed at a scan speed of 0.1
mV/s (Figure 8.6). Two reduction peaks were observed for the electrodes of both
composites, which were due to the multiple-step reaction mechanism of sulphur with
lithium.[251] The first step could be the transformation of sulphur to lithium
polysulphide at higher potential (peak a), and the second step could be the
conversion of lithium polysulphide to Li2S2 and then to Li2S at lower potential.
[228,250,252] Compared with the S-MWCNT composite electrode, the oxidation
peaks of the S-MWCNT-PPy are shifted to lower potential, and the reduction peaks
shifted to higher potential, indicating that the polarization of S-MWCNT-PPy
composite cathode is decreased. Moreover, the reduction and oxidation peaks of the
S-MWCNT-PPy composite cathode are sharper than those of the S-MWCNT
cathode.[253] The CV results indicate an improvement in the reversibility and
decreased polarization for the cell with S-MWCNT-PPy composite.
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Figure 8.6 Cyclic voltammograms of the electrodes of S-MWCNT and S -MWCNTPPy composites.
Figure 8.7 presents typical discharge curves of S–MWCNT and S–MWCNT-PPy
electrodes in rechargeable lithium cells. The discharge curves show two plateaus for
both cells, which could be assigned to the two step reaction of sulphur with lithium
during the discharge process, as demonstrated in the CV measurements.
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Figure 8.7 The charge/discharge profiles of the electrodes of S-MWCNT and SMWCNT-PPy composites.
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Figure 8.8 Discharge capacities vs. cycle number for cathodes of S-MWCNT and SMWCNT-PPy composites. (Inset: the discharge capacity of polypyrrole electrode vs.
cycle number).
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Figure 8.9 Impedance plots for the cathodes containing S-MWCNT and SMWSCNT-PPy composites.
Figure 8.8 shows discharge capacity versus cycle number for the cell made with SMWCNT-PPy. The data for the pure S, S-MWCNTs, and our previously published
results on S-PPy [222] are also included for comparison. It was found that the
discharge capacity of S-MWCNT-PPy composite is much higher than for the S-PPy
composite. This may be because the electronically conductive network of CNTs in
the S-MWCNT-PPy composite is able to provide a conductive skeleton to further
improve on the conductivity of S-PPy composite. The capacity of S-MWCNT-PPy is
about 600 mAh g-1 after 40 cycles, which is much higher than for the S-MWCNT
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composite (430 mAh g-1). The improvement in the electrochemical performance of
the cell with S-MWCNT-PPy ternary composite electrode may be due to the
following factors:
I.

A conductive PPy coating on the surface of the S-MWCNT composite can
further improve the conductivity of the electrode. At the same time, PPy can
also

act

as

a

binder,

increasing

the

contact

between

particles.

[222,246,254,255] This has been confirmed by electrochemical impedance
spectroscopy (EIS) measurements (Figure 8.9). At high frequencies, the
impedance response exhibits a semicircular loop. The diameter of this
semicircle gives the charge-transfer resistance, which is a measure of the
charge transfer kinetics. The results show that the charge-transfer resistance
of the cell with S-MWCNT-PPy electrode is lower than for the cell made
from S-MWCNT electrode. This indicates that the novel ternary composite
where the S-MWCNT particles are coated with conductive polymer can
improve the electrochemical kinetics of the electrode in rechargeable lithium
batteries.
II.

The capacity of the S-MWCNT-PPy composite electrode is higher than that
of the S-MWCNT electrode. This may be due to the presence of polypyrrole,
which acts not only as a conducting additive, but also as an active material
contributing to the capacity of the electrode during cycling, as demonstrated
in the CV measurements. In order to confirm the capacity contribution of
PPy, the PPy electrode was cycled in the range of 1.0–3.0 V versus Li/Li+.
The PPy electrode has an initial discharge capacity of 22 mAh g-1. The
capacity declined with cycling, but remained stable after 20 cycles, with a
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retained capacity of approximately 16 mAh g-1 (see inset of Fig. 8.8). The
capacity of PPy was lower than in the results published previously. [239,240]
This is because those results were from investigations of polypyrrole as a
cathode material for rechargeable batteries normally cycled between 2.5 - 4.3
V. [239] The range of voltage for the PPy cycling in this study, however, is
different from that in previous reports. Therefore, the capacity is lower.
III.

The PPy skin or coating on the external surface of the S-MWCNT composite
further helps to prevent the reduction of polysulphide outside of the cathode
structure. A schematic diagram illustrating the action of PPy coated SMWCNT composite towards improving the cathode performance is shown in
Scheme 1. In bare S-MWCNTs, polysulphides still diffuse out of the carbon
nanotube matrix during charge-discharge processes (Figure 1(a)). With the
conducting polypyrrole coating layer, polysulphides could be confined within
the carbon nanotube matrix (Figure 1(b)), minimising the loss of the active
materials in the cathode and improving the capacity.

IV.

The PPy nanoparticles coated onto the surface of S-MWCNT composite may
absorb polysulphide due to their porous surface morphology [222,224] and
reduce the dissolution of the polysulphide into the electrolyte. Consequently,
the sulphur utilization was improved.

Comparing the performance of S-MWCNT-PPy with our previous published results
of S-PPy composite, the capacity was improved. This may be that the MWCNTs
were applied to provide a conductive skeleton to further improve the conductivity of
S-PPy composite.
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8.4

Summary

The novel ternary composite of S-MWSCNT-PPy was synthesised using chemical
methods. The conducting polymer PPy coating on the external surface of binary
composite of the S-MWSCNT could act as a conducting additive, an active material,
an adsorbing agent and a container to improve the electrochemical performance of
the cathode composite materials in the lithium-sulphur batteries.
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CHAPTER 9 SULPHUR-GRAPHENE COMPOSITE FOR
RECHARGEABLE LITHIUM BATTERIES
9.1

Introduction

Over the past decade, substantial efforts have been devoted to developing energy
storage systems that can be coupled to renewable sources, including wind, wave, and
solar energy, as well as regenerative braking from vehicular transport, as a
fundamental solution to our serious emission and pollution problems. Among the
various types of rechargeable batteries, the lithium/sulphur battery system is a very
attractive candidate, because at 1672 mA h g-1 and 2600 W h kg-1, respectively,
elemental sulphur has almost the highest theoretical capacity and highest theoretical
power density of all known cathodes. In addition to the high capacity, utilization of
sulphur as a cathode material has the advantages of natural abundance, low cost, and
environmental friendliness.
However, the development of lithium sulphur-based batteries has met several
challenges, such as (i) sulphur is highly electrically insulating, [226] which leads to
poor electrochemical accessibility and low utilization of the sulphur in the electrode;
(ii) polysulfide, which forms during the first discharge step of a sulphur/metal
battery, is generally soluble in conventional organic solvent based electrolyte, which
causes the rapid irreversible loss of sulphur active materials over repeated cycles. To
successfully operate the lithium-sulphur battery, the sulphur cathode material must
be well combined with a conductive additive and a strong adsorbent agent. [256261]Various carbon materials have been intensively investigated as additives for Li/S
batteries, such as mesoporous carbon, active carbon, and carbon nanotube. [257,262
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and 263] However, these sulphur carbon composites still suffer extensive capacity
fading.
In recent years, graphene, a one-atom-thick planar sheet of sp2-bonded carbon atoms
densely packed in a honeycomb crystal lattice, has attracted appreciable attention for
use as an energy storage material, because of its superior electrical conductivity, high
surface area of over 2600 m2g-1 per face, chemical tolerance, and broad
electrochemical window.[264] It has been reported that graphene can be used as a
carbon matrix to improve conductivity of electrode materials for lithium-ion
batteries.[263,265-270] Herein, sulphur-coated graphene composite was synthesized
and graphene nanosheets as a carbon matrix to improve the performance of sulphur
cathodes for rechargeable lithium batteries was investigated.
9.2
9.2.1

Experimental
Materials Synthesis

Highly porous graphene nanosheets (GNS) were synthesized via the solve thermal
method as reported previously and then the GNS was mixed with elemental sulphur
S in the weight ratio of 1:1.5, with the mixture designated S-GNS.[264] The mixture
was held at 200 oC for 6 h to allow the melted elemental sulphur to infiltrate into the
layer of graphene. Then, the temperature were increased to and held at 300 oC for 3
h, so that the vaporized sulphur was coated onto the graphene.
9.2.2

Materials Characterization

The products were characterised using X-ray diffraction (XRD, GBC MMA) with Cu
Kα radiation. The morphology and energy dispersive spectroscopy (EDS) mapping
of the samples were obtained with a field-emission scanning electron microscopy
(FESEM; JEOL 7500, 15 kV) and a JEOL JSM 6460A scanning electron microscope
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(SEM), respectively. Raman spectroscopy was conducted to further confirm that the
as-prepared powders of S-GNS had been successfully produced, using a JOBIN
YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on a
300 lines/mm grating at room temperature. Thermogravimetric analysis (TGA) was
performed via a SETARAM Thermogravimetric Analyzer (France) in air to
determine the changes in sample weight with increasing temperature and to estimate
the amount of sulphur in the sample.
9.2.3

Electrochemical Measurements

The S–GNS composite cathode slurry was made by mixing 80 wt. % composite with
10 wt. % carbon black and 10 wt. % polyvinylidenefluoride (PVDF) binder in Nmethyl-2-pyrrolidinone (NMP) solvent. Sulphur cathode slurry containing 50 wt. %
sulphur powder, 40 wt. % carbon black, and 10 wt. % PVDF binders was also
prepared in the same way as described previously to compare with the S–GNS
composite. The slurries were spread onto aluminium foil substrates. The coated
electrodes were dried in a vacuum oven at 100 oC for 24 h and then pressed.
Subsequently, the electrodes were cut to a 1×1 cm2 size. Homemade Teflon cells
were assembled in an Ar-filled glove box. A conventional organic solvent electrolyte
of l mol/L lithium bistrifluoromethanesulfonamide (LiTFSI) in poly (ethylene glycol)
dimethyl ether 500 (PEGDME 500) was used. The cells were galvanostatically
discharged and charged in the range of 1.5– 3.0 V at a current density of 50 mA g-1.
9.3

Results and Discussion

9.3.1

Physical Properties of Substrates

Figure 9.1 presents XRD patterns for the elemental sulphur and sulphur-graphene
composite. The sulphur exists in a crystalline state. There are no clear characteristic
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peaks of sulphur for the sulphur-graphene composite. This indicates that embedded
sulphur exists in fine particles and a highly dispersed state, with the crystalline
sulphur most likely converted to amorphous sulphur by the heat treatment. [271]
When the mixture of sulphur and graphene was thermally treated at 200 oC, sulphur
would be expected to melt and coat the graphene nanosheets. At the higher
temperature of 300 oC, sulphur existing on the external surface of the graphene
nanosheets was sublimed. At the same time, sulphur gas could also diffuse into the
pores of graphene. Figure 9.2 presents the Raman spectrum of S-GNS composite
powder. The Raman spectrum of the sulphur-graphene composite displays three
peaks under 500 cm-1, which are due to the sulphur particles, [272] and another two
peaks at around 1355 cm-1 and 1597 cm-1, which are identified as the D band and the
G band of grapheme nanosheets. [265] This indicates that the sulphur-graphene
composite was successfully synthesised using the physical vapour deposition
method.
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Figure 9.1 X-ray diffraction patterns for bare S and S-GNS composite.

Figure 9.2 Raman spectrum of S-GNS composite.
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To investigate the morphology of the products, field emission scanning electron
microscope (FESEM) images and scanning electron microscope (SEM) images were
collected for GNS and S-GNS composite, and bare S, respectively. Figure 9.3(a)
shows that the bare S powder consists of micro sized particles. Visualization of the
pristine GNS by FESEM (Figure 9.3(b)) shows well-packed layers of flakes
composed of curved nanosheets with highly developed porous structure. After heat
treatment of the mixture of S and GNS, the micro sized S particles were melted and
covered the graphene nanosheets (Figure 9.3(c)). To verify that the sulphur was
uniformly coated on the graphene,

EDS mapping analysis was carried on the S-

GNS composite. (See Figure 9.4). The bright spots correspond to the presence of the
elements S and C, respectively, and indicate that S and C are distributed uniformly
throughout the whole area.

168

Figure 9.3(a) SEM image of bare S, (b) FE-SEM images of GNS and (c) S-GNS
composite.
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Figure 9.4 SEM image obtained from S-GNS with corresponding EDS mapping for S
and C.
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For quantifying the amount of graphene in the S-GNS composites, TGA was carried
out in air. The samples were heated from 100 oC to 600 °C at a rate of 5 °C min-1.
Figure 9.5 shows the TGA curves of the S-GNS samples, along with those of pure
graphene and bare S powder. As can be seen from Figure 9.4, the bare sulphur
powder was burned completely at around 325 oC, and pure graphene started to be
oxidised at 350 oC. Therefore, for the sample of S-GNS composite, the sulphur was
burned off at the first stage, followed by the oxidation of the graphene powder in the
second stage for temperatures above 350 oC. For the S-GNS composite, the weight
loss in the first stage was about 22 wt. %, which represents the amount of sulphur.

Figure 9.5 Thermogravimetric analysis (TGA) curves of bare S, S-GNS composite
and pure GNS.
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9.3.2

Electrochemical performance

Cyclic voltammogram (CV) of S–GNS composite electrode is shown in Figure9.6.
Two reduction peaks were observed, which were due to the multiple reaction
mechanisms of sulphur with lithium. It is proposed that the first step is the
transformation of sulphur to lithium polysulfide at higher potential (Eq. (9.1)), and
the second step is the change of lithium polysulfide to lithium sulfide (Li2S) at lower
potential (Eq. (9.2)). [273,274]
2Li+nS→Li2Sn (n>4)

(9.1)

2(n−1)Li+Li2Sn→nLi2S

(9.2)

Since graphene in the composite is electrochemically inert in the potential region
used, the (CV) redox peaks are only attributable to the oxidation and reduction of
elemental sulphur, so therefore, no additional peaks were found for the S–GSN
composite in comparison with pure S electrode. [257]

Figure 9.6 Cyclic voltammogram of S-GNS composite electrode.
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Figure 9.7 charge-discharge curves of S-GNS composite.

According to the CV performance, it appears that all the redox processes took place
in the range between 1.5 V and 3.0 V (versus Li/Li+). Therefore, the potential range
of 1.5–3.0 V (versus Li/Li+) was selected for the continuous charge–discharge
cycling process. Figure9.7 presents typical charge–discharge curves of S-GNS
electrode in a rechargeable lithium cell. The charge-discharge curve shows two
typical plateaus, which could be assigned to the two-step reaction of sulphur with
lithium during the discharge process, as demonstrated in the CV measurement.
Figure 9.8 shows discharge capacity versus cycle number for cells made with the S
and S-GNS electrodes. The S-GNS electrode contains 17.6 wt. % sulphur. It was
found that the initial discharge capacities of S and S-GNS composite are 1100 and
1611 mA h g−1, respectively, at a current density of 50 mA g-1. The initial capacity of
the S-GNS electrode is higher than that of the pure sulphur electrode. Furthermore,
the cycling stability of the sulphur graphene composite is also improved. The
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improvement in the capacity and cycling stability of the cell with the S-GNS
composite electrode may be because the graphene in the composite can improve the
conductivity of the electrode.

Figure 9.8 Discharge capacities versus cycle number for the S-GNS composite and
pure S electrodes.

174

Figure 9.9 Impedance plots for electrodes of bare S and S-GNS composite.

In order to verify that the graphene is responsible for the good performance of the
cell with the S-GNS electrode, electrochemical impedance spectroscopy (EIS)
measurements were performed on the pure S and S-GNS electrodes after 1 cycle
(Figure9.7). At high frequencies, the impedance response exhibits a semicircular
loop. The diameter of this semicircle gives the charge-transfer resistance, which is a
measure of the charge transfer kinetics. The results show that the charge-transfer
resistance of the cell with S-GNS electrode is lower than for the cell made from pure
S electrode. This indicates that the novel composite of sulphur with graphene can
improve the electrochemical kinetics of the sulphur in rechargeable lithium
batteries.[271]

175

9.4

Summary

Novel sulphur–graphene (S-GNS) composites were synthesized by heating a mixture
of elemental sulphur and synthesized graphene nanosheets. The S-GNS composite
shows a significantly improved capacity and cycle life compared to the bare S
electrode. The materials utilization of sulphur is 96.35%.
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CHAPTER 10 CONCLUSIONS

This doctoral work investigated the synthesis, physical characterization, and
electrochemical performance of various nanostructured anode materials for lithium
ion batteries, including Fe3O4/C, CuFeO2 powders, MoS2-SWCNT composite thin
films, ternary S-MWCNT-PPy composite, and sulphur–graphene (S-GNS)
composites, to broaden the current understanding of their structural evolution and
corresponding electrochemical behavior. As electrode materials, the key factors, the
ones that affect the electrochemical performance because they could influence the
lithium absorption sites, and the lithium diffusion pathways and time, such as
morphology, specific surface area, crystal size, crystalline phase, etc. were
systematically investigated.
Using PVA as the carbon source and dispersant, nanocrystalline Fe3O4/C composite
powder was successfully prepared by a simple sol-gel method. The single crystal
phase of the powder was confirmed by XRD. The EDS mapping images show that
carbon was uniformly distributed on the Fe3O4 particles. The Fe3O4/C nanocomposite
electrode exhibits high initial coulombic efficiency (87%) and outstanding cycling
performance (775.3 mAhg-1 after 90 cycles at a current density of 100 mA g-1),
which indicates that the carbon coating on the Fe3O4 nanoparticles can effectively
improve the electrochemical performance of nanostructured transition metal oxides.
CuFeO2 powders were prepared by the simple sol-gel method at different
temperatures. FESEM images showed that the particle size has a significant effect on
the electrochemical performance, and experiments showed that higher synthesis
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temperatures yielded relatively larger particle sizes. The sample prepared at 650oC
exhibited the highest capacity retention of 67.5% of the second cycle value up to the
100th cycle at 100 mA g-1, and also showed an acceptable result at the high rate of 4
C. The results confirmed that the nanostructured ternary transition metal oxide
CuFeO2 is a promising anode material for lithium-ion batteries.
The commercially available electrolytes typically are flammable organic solvents,
which present significant safety issues. Several approaches have been considered for
alternative electrolytes for the Li-ion battery. In order to achieve the advantages of
carbon composites containing the transition metal oxides that have been reported,
including improved cycling stability and enhanced high rate capability, three types of
transition metal oxide/carbon composites, synthesized by spray pyrolysis, have been
used as anode for lithium ion battery application in two types of ionic liquid
electrolyte: 1 M LiTFSI in 1-ethyl-3-methyl-imidazolium bis(fluorosulfonlyl)imide
(EMI-FSI) or 1-methyl-1- propylpyrrolidiniumbis(fluorosulfonyl)imide (Py13-FSI).
The electrochemical measurements show that the composite electrodes using Py13FSI as electrolyte have much better electrochemical performance than those using
EMI-FSI in terms of capacity and reversibility. The Fe2O3/C composite shows the
highest specific capacity and the best capacity retention under higher current density
(50 mA g-1) up to 50 cycles, compared with the NiO/C and CuO/Cu2O/C composites.
These results indicate that Py13-FSI could be used as an electrolyte for transition
metal oxides in lithium-ion batteries.
Rechargeable thin-film lithium batteries have attracted great attention recently due to
their applications in areas of microelectronics such as smart cards, medical devices,
and integrated circuits because of their light weight, long life, and high energy
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density. A family of materials with great potential in this area is the layered
compounds, which have high surface area and novel electronic properties, and are
potentially useful for a range of applications such as sensing, catalysis, and energy
storage.MoS2-SWCNT composite thin films, produced via a filtration/wet transfer
process, have shown strong electrochemical performance in Li-ion battery
applications. In our investigations, the improvements in both stability and discharge
capacity can be attributed to the embedded SWCNT network, which acts as a matrix
in the composite thin film and possibly serves several key functions, including
maintaining the porous structure and integrity of the composite thin film during large
volume changes, and also preventing agglomeration, as well as increasing the
electronic conductivity of the thin film by forming an efficient electrically
conductive network of SWCNTs. In addition, the applied thin film electrode
fabrication procedures that were modified/developed in this study have the potential
to be explored for fabrication of other layered thin films for a broad range of
applications.
The lithium sulphur (Li/S) battery is a very attractive energy storage system due to
its high theoretical specific capacity and theoretical power density, based on sulphur
active material. In addition to the high capacity, utilization of sulphur as a cathode
material has the advantages of natural abundance, low cost, and environmental
friendliness. The novel ternary composite S-MWCNT-PPy was synthesised using
chemical methods. It has been demonstrated that the conducting polymer PPy
coating on the external surface of the binary composite S-MWCNT could act as a
conducting additive, an active material, an adsorbing agent, and a container to
improve the electrochemical performance of the cathode composite materials in the
lithium-sulphur batteries.
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Besides the work on the polymer coated S-MWCNT, novel sulphur–graphene (SGNS) composites were also synthesized by heating a mixture of elemental sulphur
and synthesized grapheme nanosheets. The S-GNS composite shows a significantly
improved capacity and cycle life compared to the bare S electrode. The material
utilization of sulphur is 96.35%. Because of its good electrical conductivity,
graphene in the composite acts as an electronic conductor.
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